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RADIOISOTOPE HEATER DEVELOPMENT PROGRAM

PHASE I STUDY FINAL REPORT
(CONTRACT NO. NAS 9-8846)

By M. W. Hulin¥

SUMMARY

In September 1968, phase I of a three-phase program was undertaken by
the Donald W. Douglas Laboratories (DWDL), a directorate of the McDonnell
Douglas Astronautics Company-Western Division, to develop a family of small
radioisotope heaters for use in manned spacecraft components. The technical
portion of this program covered a 5-month period. Primary objectives were
to: (1) Identify potential applications for small (1- to 50-W)radioisotope
heaters in manned spacecraft systems; (2) develop a heater design that would
meet selected safety criteria and have a high probability of being safety- and
flight-qualified; (3) develop an optimum group of heaters to meet the require-
ments of a maximum number of applications and mission times of from 14 days
to 5 years; (4) generate program plans and budget estimates for phases II and
ITI of the program.

The study was initiated by conducting a survey of thermal requirements of
current and planned manned-spacecraft components. This survey identified
applications requiring between 180 and 300 thermal sources ranging in size
from less than 1 to over 100 W, Detailed safety and design analyses resulted
in a reference heater design that will meet the selected safety criteria and
have a high probability of surviving all mission phases, operational environ-
ments, and credible accidents. Optimization analysis showed that two heater
sizes, 10- and 50-W, and two isotopic fuels, promethia and plutonia, would
meet the majority of identified applications and mission requirements. Also,
analyses showed that it is more economical to develop uniform-size heaters
for promethia and plutonia heaters of the same power level. Although some
weight penalty is incurred in this approach, considerable cost savings are
realized by significantly reducing the number of development and qualification
tests. Based on results of the study, program plans to develop, test, fabri-
cate, and qualify radioisotope heaters were prepared. Thus, all primary ob-
jectives were achieved in this study.

*Program Manager, Projects and Systems, Donald W. Douglas Laboratories,
Richland, Washington.



It is entirely feasible to develop a group of small radioisotope heaters
for a large number of manned spacecraft applications. Completion of a de-
velopment program will greatly reduce the time between identification of re-
quirements and ultimate mission qualification. Also, development of flight-
qualified heaters will allow systems engineers a wider choice of methods of
supplying heat to space components.

Because of the favorable results of this study, DWDL recommends that
phases II and III of the Radioisotope Heater Development Program be initiated
and funded at the level required to produce flight-qualified heaters.

INTRODUCTION

This final report, cataloged as MDAC Report No. DAC-63364, is sub-
mitted to the NASA Manned Spacecraft Center under Contract NAS 9-8846.
The report describes technical effort from September 19, 1968 through
February 18, 1969. Two important events occurred subsequent to final con-
tract negotiations. An agreement was signed by NASA and AEC providing for
technical direction by AEC of tasks 4 through 8 of the phase I study, and
phases Il and III. Also a NASA/MSC requirement for a radioisotope heater
for the ALSEP seismic experimental package was identified. AEC/DID was
given responsibility for developing the heater.

Although these events did not materially affect the phase I study, they
will have a definite impact on the direction and scope of phases II and III

Background

The low-temperature environment in which spacecraft operate creates
many heat requirements to keep components operational. In addition, life
support system chemical processes need heat for closed-system operation.
These requirements are currently met by electric heaters powered by solar
or fuel cells; however, a potentially simpler and more reliable way to supply
heat is by decay of a radioisotope. Radioisotopes have been used in space-
craft at high power levels to supply electric power, and at very low power
levels for instrument dial illumination, but each power source has required
an extensive safety qualification program.

Despite the attractiveness of small radioisotope thermal sources, their
use has been avoided because of a lack of precise guidelines, and the expect-
ation that an expensive and time-consuming safety test program would be re-
quired for each application. As the number, complexity, and duration of
missions increase, the advantages of radioisotope sources become signifi-
cant and point to the need for development of these sources as flight-qualified
hardware. This study investigated a program to develop a standardized group
of radioisotope heat sources that would minimize development costs and
shorten the time needed to achieve the benefits of these devices.



As is current practice, thermal control problems may be solved by use of
electric heaters. But there are penalties: increased primary-power require-
ments and thus system weight; redundant heater design (unless the heater is
sufficiently reliable, because heater failure would cause total missionfailure);
and modification of the power control electronics to accommeodate the heater.
Use of radioisotope-decay heat reduces or eliminates these penalities, but
the offsetting considerations are increased qualification-test costs and demon-
stration of the heaters' capabilities to meet safety requirements.

Program Objectives

This report presents the results of phase I of a three-phase program to
develop a group of small radioisotope heaters for manned-spacecraft com-
ponent applications. The results establish the feasibility of developing an
optimum group of small (1 - to 50-W) heaters that will meet mission require-
ments of 14 days to 5 years, with a high probability of surviving all mission
phases and environments. Figure 1 shows a typical referencedesigndeveloped
during this study.

Materials specified in figure 1 are the best available from the standpoint
of compatibility, availability, and capability to meet all mission and environ-
mental requirements. Selection was based on data available in the literature,
personal discussions with cognizant personnel, and detailed analyses.
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The phase I study program had four primary objectives:

1. To identify potential applications for small (1- to 50-W)radioisotope
heaters in manned spacecraft systems.

2. To develop a heater design that would meet the selected safety cri-
teria and have a high probability of being safety- and flight-qualified.

3. To develop an optimum group of heaters to meet the requirements
of a maximum number of applications, and mission times of from 14 days to
5 years.

4. To develop program plans and budget estimates for phases II and IIL

The results of the application survey, analyses, and design efforts pre-
sented in this report show that all of these objectives were met.

Safety and Design Criteria

From the outset, it was understood that acceptance and use of radio-
isotope heaters would depend on superior safety performance characteristics
as well as sound engineering justifications. The heaters must be designed to
present insignificant hazard resulting from anticipatedmission or credible a-
bort environments. This philosophy led to the following guidelines: there
should be no danger or special requirements imposed on astronauts performing
their normal duties aboard the spacecraft; there should be only aninsignificant
possibility of injurious radiation dose as a result of credible accidents or
incorrect handling.

Using these guidelines, the following safety criteria were generated:

1. Design for industrial handling.

2, Survival in fireball, overpressure, and debris.

3. Intact reentry from lunar return, earth orbit, and suborbital abort.
4. Ocean release with less than 10_2 maximum permissible concen-

tration (MPC) at the surface.

5. Intact impact at terminal velocity.
6. Resistance to corrosion for 10 half-lives.
7. Integral shielding to provide protection for astronauts, ground

handling crews, and inexperienced personnel.

Stable industrial handling characteristics are ensured by designing to
ORNL Class C IIl structural and thermal stress conditions. Intact reentry is
ensured by providing protection against reentry debris and ablation. Static



pressure resistance will maintain capsule integrity to depths where isotope
concentration at the ocean surface will be <10-2 MPC. Heaters will be de-
signed and tested for high assurance of survival after impact on granite. Since
the radiation that astronauts may be exposed to must be limited to International
Committee on Radiation Protection maximum occupational exposure (ICRP-
MOE) levels, the integral shield is designed to limit the dose rate to 5 mr/hour
at 1 meter. This will also permit ground handling with a minimum of special
procedures and equipment, and the integral shield will provide significant pro-
tection from injury in the event of incorrect handling.

Using the safety criteria as well as environmental and thermal require-
ments as guidelines, the following heater design criteria were established:

- Thermal output-5 to 50 W after 6 months for promethia-fueled
heaters and 2 years for plutonia-fueled heaters.

- Mission times - 14 days to 5 years.

- Orbital life - 20 years.

- Maximum continuous operating temperature - <500°F,

- Intact reentry from lunar return, earth orbit, and suborbital abort.

- Launch pad abort survival from Titan IIIM, Saturn 1B, and Saturn
V launch wvehicle.

- Ten half-life corrosion lifetimes.
- Helium containment for 10 half-lives.
- Radiological dose rates of less than 5 mr/hour at 1 meter.

- Liaunch vibration load survival up to 44. 9 g sinusoidal and 23.7 g
random.

These criteria represent a translation of the safety criteria into work-
able quantities.
Program Approach

To accomplish the objectives of the phase I study, the program was
divided into 10 tasks:

1. Application studies - Review, investigate, and document potential
thermal heater applications associated with crew system equipment.

2. Safety analysis - Establish safety criteria and constraints using
NASA/MSC and AEC inputs, and perform detailed safety analysis.



3. Design and analysis -~ Characterize heater configurations, tempera-
tures, heat transfer modes, and power levels; and identify optimum
sizes and power levels to span the 1- to 50-W range.

3a. Specific application - Apply radioisotope heater design technology to
a specific thermal control problem as specified by NASA/MSC.

4., Reference designs - Produce reference heater designs for the AEC
and NASA/MSC review and selection prior to development.

5. Radioisotope fuels and encapsulating materials - Select heater fuels
and materials that are compatible, meet all operational and environ-
mental conditions, and are state-of-the art or near term state-of-the
art.

6. Manufacturing processes and inspection techniques - Define fabrica-
tion and inspection techniques required to manufacture the heaters.

7. Coordination with the AEC - Confirm safety and design criteria and
design approaches with AEC,

8. Program plans and budget estimates for phases Il and III - Prepare
program plans and budgetary cost estimates for phases II and III,
and present program options for production of flight-qualified hard-
ware.

9. Preliminary safety analysis report description - Prepare a prelim-
inary description of a typical safety analysis report.

10. Program management and reports - Prepare monthly reports and
presentation material on tasks 1 through 9; prepare a summary and
a final report on the phase I study; and provide direction required
to achieve program objectives.

The interrelationship of these tasks is shown in figure 2. Tasks 1, 2, and
5 were inputs totask 3. Task 3 results were used to establish reference de-
signs (task 4)from which detaileddesigns and specifications can be made. Data
and results from tasks 1 through 5 areinputs to task 6. These later tasks have
an important bearing on phases II and IIl because they describe in detail the
plan for developing and qualifying the heaters.

Task 7 provided for review and comment by AEC on the safety and design
criteria, reference designs, materials selection, manufacturing program logic,
and program plans and budgetary cost estimates for phases II and IIL

Program Results
The results of this program shows that two heater sizes, 10 and 50 W,

and two fuels, promethia cermet and plutonia bare microspheres or cermet,
willmeet the majority of identified applications having power levels of from 5
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to 50 W and mission times of 14 days to 5 years. The designs evolved from
this study have a high probability of survival under all mission phases, oper-
ating conditions, and environments.

Materials and fabrication techniques selectedare state-of-the art or near
state-of-the art. The heaters are designed to maintaina margin of safety under
all probable conditions and situations, but are not overly conservative. As part
of an independent research and developmentprogramat DWDL, limited impact
testing was performed on simulated reference heater designs. These initial
tests, while not conclusive, confirm the validity of the design approach. Since
this was a study program, extensive tests of materials and hardware will be
required during phase II to completely validate the designs and to qualify the
heaters as flight hardware. These tests are discussed later in this report.



SYMBOLS

A - Diffusion velocity (m/sec).

AC - Cross-sectional area of heater exposed to debris fragments (ftz).

AE - End-on area of heater (ftz).

AF - End-on area of debris fragment (ftz).

Ai - Influence coefficient.

As - Side-on area of heater (ftz).

C. - Capacitance of a given node (a small volume of the heater).

CD - Drag coefficient.

Cp - Peak concentration of radioisotope (Ci/mz).

Ci - Curie.

D - Radiation dose or depth (m).

F - Radioisotope concentration factor.

fz - Fraction of the body burden in the organ.

fw - Fraction of I deposited in the organ of interest.

Hs - Air enthalpy at the stagnation temperature.

I—I540 - Air enthalpy at 540°R.

Ib - A'moun’_c of radioactive carrier material in the body at any
given time.

Ie - Radioactive carrier concentration in the ocean.

i - Quantity of radioactive carrier material taken into the body
each day.

- Total number of failure modes.
K - Soil thermal conductivity (Btu/hr-ft- °F).



KE -  Kenetic energy (ft-1b/sec).

L - Capsule length (ft).

MPCa - Maximum permissible concentration in air.

I\/IPCS - Maximum permissible concentration in sea water.

MPCW - Maximum permissible concentration in drinking water.

n - Capsule length-to-diameter ratio.

Nd - Fractio'n of' permissible dose attributed to sea water

contamination.

N - Correction factor to account for sources of protein in the diet
P other than the sea.

Ns - Fraction of the total ocean contamination attributed to a

particular source.

P - Probability of nonfailure.

Pi - Nonfailure probability for a particular failure mode i (1< is<k).

Ptot - Probability of overall nonfailure.

Q - Capsule power (Btu/hr) or rate of release of radioactivity
(Ci/sec).

q - Quantity of airborne radioactive material inhaled per unit time.

q' - Maximum permissible organ burden.

QA - Point of failure based on analytical model of capsule behavior
and environment.

Ay - Cold wall heat rate (Btu/hr).

QE - Difference between QF and QA (must be> 0in order that failure
not occur).

B - Calculated point of failure for a given heater design.
- Radioactivity (Ci) per gram of carrier or distance from release

point, (meters).

TB - Biological half-life.

Te - Effective half-life.

TID -  Total integrated dose (Ci/m3).
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Capsule surface temperature (°F).

Windspeed (m/sec).

Velocity of entering body when crossing 400 000-ft tangent line.
Volume of protein consumed.

Volume of water consumed.

Concentration of airborne radioactivity in the downwind or x
direction (Ci/m3).

Concentration of airborne radioactivity in the crosswind or y
direction (Ci/m3).

Admittance of the heat-flow paths by which a given node is
connected to other nodes in the network.

Concentration of airborne activity in the vertical or z direction.
(C;/m3).

Angle between capsule trajectory and tangent to the earth at
400 000-ft altitude.

Biological elimination {decay) constant.

Effective decay constant ()‘b +),R).

Radiological decay constant.

Frequency of nonfailure.

Stress at a particular time/temperature/pressure condition.
Overall standard deviation for QE.

Overall standard deviation for QF.

Principal stresses, or standard deviation about point i.

Yield stress in simple tension or standard deviation
in crosswind.

Standard deviation in vertical direction.



THE USE OF THERMAL HEATERS IN MANNED
SPACECRAFT APPLICATIONS

Approach

A survey of current or planned uses of radioisotope heat sources for
thermal control of manned spacecraft components (task 1) was initiated by
written requests for information from program directors involved in manned
spacecraft programs. This was followed by direct discussions with cognizant
program personnel. Finally, identified applications were evaluated and di-
vided into four groups according to operation, availability of data, complexity,
and heater size.

The survey,- A letter describing the objectives of the Radioisotope Heater
Development Program and the purpose of the survey was sent to manned
spacecraft and launch vehicle program directors within the McDonnell Douglas
Astronautics Company (MDAC). Program managers at the NASA Manned
Spacecraft Center were contacted through the program technical monitors.
MDAC program offices to whom letters were sent were (1) Space Labora-
tories, (2) Saturn/Workshop, (3) Launch Vehicles, (4) Manned Orbital Labor-
atory, (5) Advanced Manned Orbital Laboratory, (6) Gemini, and (7) Big "G"
(Gemini).

The letters were followed by direct discussions with approximately 36
cognizant program personnel. Questionnaires had been prepared in advance
covering such items as (1) description of application, (2) operating tempera~
ture range, (3) thermal power profile, (4) number of heaters required per
application, (5) environmental and/or application requirements or constraints,
and (6) drawings and descriptive material.

Evaluation.- Evaluation of data and information obtained from the survey
was conducted by dividing the identified applications into four groups. Group A
lists applications where constant heat is required. Group B lists applications
where some type of thermal control is necessary, such as an on-off switch or
thermostat({the largest number of applications fall within this group). Those
areas where applications have been identified, but details concerning power
profile and temperature requirements are not available, are listed under group
C. Finally, applications where isotopes would probably not be considered be-
cause of size or complexity are listed in group D.

This information is summarized in table 1. Using the data from groups
A and B, the numbers of heaters required were grouped by power level. The
result is shown in table 2. Data shown in tables 1 and 2 indicate that there are
relatively few applications below 5 and above 50 W.

11
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TABLE 2
HEATER THERMAL REQUIREMENTS SUMMARY

(Groups A and B)

Thermal requirement Approximate
(W) number required
<5 20

5-10 50
10 - 20 50
20 - 30 15
30 - 40 50
40 - 50 25

>50 30
Total 240
Conclusions

The survey shows that some type of thermal control is required for a large
number of space components and systems. Over 37 applications were identified
requiring approximately 180 to 300 heaters ranging in size from less than 1 to
over 100 W. It is obvious that radioisotope heaters will not be considered for
all of these applications, either because they offer no advantages over electric
heaters or because of complexity and/or size. Realistically, the first applica-
tion will be where radioisotope heaters are clearly superior, or where an ex-
periment or mission could not be performed (or would be greatly curtailed)
if they were not available., However, radioisotope heaters would have been
considered for applications such as vehicle view ports, heat for base thermal
requirements, structural cold spots, and standby fuel cell heat had they been
available.

SAFETY AND DESIGN ANALYSIS

The objectives of the safety and design analyses (tasks 2 and 3) were to
produce reference designs and associated safety criteria for a group of radio-
isotope heaters suitable for a broad range of manned spacecraft thermal control
applications. The approach was to determine suitable safety criteria, combine
these with mission integration requirements {minimum weight and size), and
establish design criteria. Design analysis was then performed to optimize the
capsule configuration.

Safety Approach
Acceptance and use of the radioisotope heaters depend on their superior

safety and performance characteristics as well as sound engineering justifica-
tions, reduced weight, and high reliability. They must be designed to present
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insignificant hazards in anticipated mission or credible abort environments.
Safety criteria were based on:

1. Mission integration - No danger or special requirements for astro-
nauts such as modification of duty cycles to reduce radiation dose.

2. Public safety - Insignificant possibility of injurious radiation dose as
a result of credible accidents or improper handling.

The safety approach consists of:

1. Definition of accident environments based on applications, missions,
and probability analysis.

2. Establishment of safety criteria, and joint review with AEC.
3. Selection and evaluation of designs and materials that meet the criteria.
4, Analysis of failure modes, effects, and possible hazards.

5. Application of probabilistic methods to design for probable and/or
severe conditions, and estimate realistic risks and hazards.

Safety Criteria.- Safety criteria developed to ensure compliance with the
safety philosophy are defined below.

Design for industrial handling - ORNL-CIII minimum standards (ref. 4);
The heaters must withstand industrial hazards associated with transportation,
handling, and installation. In view of the excellent record established by in-
dustry in the use of multicurie radioisotope sources, it is logical to use estab-
lished standards for their design to ensure suitable performance for the heaters.
ORNL has established a source classification system and has determined that
most industrial capsules fall in the classification range of BII to CIII. Heater
design, analysis, and qualification tests will assure a minimum of CIII levels.

Launch abort environment survival: The heater together with the heater
mounting assembly must be designed to survive the overpressure, blast debris,
thermal and chemical environments of the launch vehicles during manned
missions. Thermal environment will be as described by the liquid fuel and
abort model of Kitt and Bader. (ref. 5 ). The blast debris and overpressure
models will be those given for SNAP 27 (ref. 6 ) appropriately scaled for
launch vehicle variation. The chemical environment model will be based on
published TRW data (ref. 7).

Reentry debris protection and intact reentry from lunar return (Y =
6.25°, 90°, Ve = 36 300 ft/sec), earth orbit (Y = 0°, 30°, Ve = 25 600
ft/sec), and suborbital abort (Y = 10°, Ve = 22 000 ft/sec): An ablation
protection system will be designed which ensures (with a safety factor) intact
reentry for the above trajectories and all capsule reentry orientations. Re-
sistance to reentry debris collision will be provided by the heater mounting
assembly. The debris model will be formulated using available Air Force
radar launch vehicle tracking data.
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Formulation of the debris model and design analysis of the mounting
structure are phase II efforts. The trajectories specified are not necessarily
the worst. Phase II will consider the entire Ve, Y¢ envelope and determine the
most severe conditions. Entry angle Y¢ is defined as the angle between the
capsule trajectory and a tangent to the earth at 400 000 ft altitude. Entry
velocity is the capsule velocity when crossing the 400 000-ft tangent line.

Resist water immersion static overpressure to a depth sufficient to

limit ocean surface contamination below 10-2 maximum permissable concen-
tration (MPC): The depths at which significant quantities of 147Pm and 238py
will yield 10-2 MPC at the ocean surface will be based on point instantaneous
release. MPC for sea water will be evaluated for each radioisotope based on
the assumptions that (1) the total protein diet of those exposed consists of sea-
food which has fully concentrated the radionuclide, and (2) maximum allowable
exposures are based on ICRP-MPBB values.

Intact terminal velocity impact on granite: The capsule will remain intact
at terminal velocity impact on granite, Verification will be by impact test.
Testing is required at maximum impact terminal velocities and impact temper-
atures predicted by aerothermal analysis. This will be done in phase II

Ten half-life resistance to corrosion in air, soil, and sea water: A design
goal for the heaters will be 10 half-life corrosion containment in burial and im-
mersion environments. This analysis will be based on the following assumptions:
Highest reported corrosion rates (including galvanic couple data; no credit for
helium retention in plutonia fuel; and no credit for materials other than the
structural shell and oxidation barrier. Testing will be directed at identifying
rates of corrosion and corrosion-resistant materials and configurations.

Ten half-life radioactive materials containment under ambient burial
conditions: Long term containment of 238py fuel will be based on time-depend-
ent stress-strain analysis of the structural vessel. The analysis will include
the following assumptions: Stress level safety factor = 2; no credit for helium
retention in plutonia fuel; Larson-Miller stress-rupture-temperature-time
relationship; no credit for materials other than structural shell; and burial 1
year after encapsulation,

Twenty-year reentry: The structural vessel will be designed for the tem-
perature-internal pressure spike associated with 238py fuel. The analysis will
include the following assumptions: 20-year helium accumulation; no credit for
helium retention in plutonia fuel; and credit only for the structural vessel.

Integral shielding: Provision will be made for the following safeguards:
Astronaut dose limited to ICRP-MOE levels; ground handling consistent with
occupational exposure practices; and minimum possibility of severe radiation
doses as a result of incorrect handling.
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Mission profile and failure modes. - A mission profile chart is presented
in figure 3. From this chart and preliminary safety analyses, the following
critical events are identified:

1. Critical failure modes

- Uncontrolled reentry environment,
- Land impact on unyielding surface.
-+ Launch pad explosion and fire.

2. Secondary failure modes

- Functional failure during mission phase.
- Water impact.

- Ground burial.

- Accidents during prelaunch phase.

Results of the analyses directed at each of the above failure modes are
presented in this report under Accident and Failure Analysis, and Radiological
Consequences and Hazards.

Design Approach and Tradeoff Study

Since the potential requirement for radioisotope heaters was established,
the remainder of the study concentrated on meeting the remaining two tech-
nical objectives. Results are discussed in the following paragraphs,

Design criteria.- The design philosophy governing the analysis which led
to proposed heater configurations was to provide for containment of fuel
under all normal and abort conditions while fulfilling the requirements for a
reliable heat source of minimum weight, volume, and cost for a maximum
number of missions.

The specific design criteria summarized in table 3 are a translation of the
safety criteria, mission power requirements, and cost-weight minimization
into workable quantities. Heater power levels selected are consistent with
the list of power requirements determined by means of the applications sur-
vey, and with mission life requirements of 14 days to 5 years.

A maximum orbital life of 20 years was used in connection with the safety
constraints. Normal heater operating temperatures were determined to be
considerably less than 500°F. The heaters were then designed to ensure con-
tainment of fuel under conditions set forth in table 3, and to provide a high
probability of fuel containment in the event of terminal velocity impact or
launch pad abort. '

Selected heater materials. - The radioisotope fuel forms and the materi-
als used in the heater designs were selected to provide maximum safety con-
sistent with minimum cost and weight. Detailed discussions of candidate fuel
forms and heater materials are presented in the heater materials selection of
this report, together with the rationale used in the final selection. The
selected fuel forms and materials are listed below.
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TABLE 3
DESIGN CRITERIA

Thermal output:

'47pm,0, at encapsulation: 5.7, 11.4, 28.5, and 57.0 W at BOL*

(6-month shelf life)
238Pu02 at encapsulation: 5.1, 10.1, 25.3, and 50.5 W at BOL* (2-year
shelf life)
Mission time: 14 days to 5 years
Orbital life: 20 years
Normal heater operating temperatures: <500°F
Ambient temperature range (lunar surface): -300°F to +250°F
Intact reentry
Lunar return: Ye = 6. 25°; Ve = 90°
Farth orbit: Ye = 0°; Ve = 30°
Suborbital abort

Launch pad abort containment for Titan IIIM, Saturn 1B, and Saturn V vehicles

Design for static overpressure to a depth sufficient to limit ocean surface con-
tamination below 10-2 MPC,

Corrosion lifetime (soil and sea water)

147Pm203: 26 years

23813‘1102: 870 years
Helium containment lifetime (burial conditions): 870 years
Radiological dose rate:<5 mr/hr at 1 meter
Vibration

Sinusoidal vibration load: 44.9 g (ref. 8)

Random vibration load: 23.7 g

All designs to meet standard shipping and launch pad environments

*This allows for nominal 5, 10, 25, and 50 W after 6 months shelf life for
promethia and 2 years for plutonia,
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Fuel form: promethia - 147Prr1203 - W cermet; and plutonia -

bare microspheres or 238Pu()2 - Mo cermet

Primary containment vessel: Ta

Impact energy absorption layer: Ta foam

Structural container: T-111

Oxidation barrier: Pt

Thermal insulation layer: pyrolytic graphite

Ablator material: POCO graphite

238

PuOZ

Density values used in determining the weight of the materials are pre-

sented in table 4.

TABLE 4

DENSITY VALUES FOR HEATER MATERIALS

Density Density Density
Material (1b/in3) (1b/£t3) (gm/cm?3)

Pm203 cermet 0. 330 570 9. 14
PuO, cermet 0. 366 632 10.13
PuO, microspheres 0. 246 425 6.81

Ta 0. 60 1038 16.7
T-111 0. 604 1043 16.8
Platinum 0.775 1340 21.45

Ta foam (30 v/o Ta) 0.1812 313 5.02
Pyrolytic graphite 0. 070 121 1.94
POCO graphite 0.0738 127.5 2. 04
Shape and size tradeoffs, and heater nomenclature. - In order to avoid

confusion and positively identify each specific design, a code numbering

system was developed as shown below;

1. Example 1: Radioisotope

{ Fuel Form

e /
PMC-10~1<«series

Thermal power

147

(This refers to a 10-W PmZO3 cermet fuel and is series 1.)
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2. Example 2: PUM-50-4
238

(This refers to a 50-W PuO2 bare microsphere fuel and is series
4.)

3. Example 3: PUC-50-15
(This refers to a 50-W 238]5%10 cermet fuel and is series 1. The
"S" means that the fuel capsule has a spherical shape; no lefter at
the end of the code number means that the fuel capsule is a cylinder.)

For the tradeoff studies, a reference set of designs for each power level
(5, 10, 25 and 50 W, nominal) and fuel form (promethia cermet, plutonia
cermet, and plutonia microspheres) was selected and analyzed to form a
basis for comparison.

After selecting the materials, the next considerations were shape, thick-
nesses, and arrangement. Since promethia cermets are largest, PMC cap~
sules were considered first.

PMC sizes listed in table 5 are based on a specific power of 71. 6 W/1b at
time of encapsulation and a density of 0. 33 1b/in. 3. Power levels at time of
encapsulation are 5.7, 11.4, 28.5, and 57. 0 W which result in nominal levels
of 5, 10, 25, and 50 W, respectively, 6 months after encapsulation.

The basic shape selected for the reference capsules is cylindrical. This
choice was made largely on the basis of state-of-the-art fabrication experience.
A fuel capsule L/D (length to diameter) ratio of unity was selected on the
basis of previous independent research and development analytical work and
on consideration of the reentry heating characteristics (a slender cylinder
tends to ablate more rapidly than a thicker one).

A thin wall (0. 020 in. ) of Ta cladding around the fuel is provided for con-
tainment during fabrication. This in turn is centered within the T-111
structural shell which has oblate spheroidal ends. End caps made of 30 v/o
tantalum foam are provided between the elliptical shell and the flat ends of
the cladding. The thickness of the protective shell was set at 0, 060 in. for
the 5- and 10-W sizes and 0. 120 in. for the larger sizes. These thicknesses
were based on radiation shielding requirements, and on structural strength
requirements (impact, crush, etc.).

The platinum oxidation barrier surrounds the T-111 shell and eliminates
T-111-graphite compatibility problems; 0. 020 in. for each size appears
sufficient, based on corrosion and oxidation rate considerations.

For POCO/pyrolytic graphite ablator/insulator combinations, a 0. 25-in.
thickness of each material was selected for all capsule sizes, based on ex-
isting reentry data and preliminary integrated heat load computations for the
capsules during reentry. The 0.25-in. pyrolytic graphite layer between the
outer POCO graphite ablator and the platinum is oriented with the low thermal
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PMC REFERENCE HEATER DESIGN SUMMARY

TABLE 5

Density

Weight (1b)

5W 10w 25 W 50 W
Layer Material (lb/'in.?’} PMC-5-1 PMC-10-2 PMC-25-1 PMC-50-2
Fuel 47pm05  0.330  0.080 0.163 0.396 0. 790
-20v/o W
Cladding 20 mils Ta 0. 60 0. 028 0. 044 0.078 0.123
2 end caps 30v/oTa 0.181 0.018 0,034 0. 080 0. 157
foam
Structural 60 or 120 0. 604 0,111 0.169 0.512 0.955
shell mils T-111
Oxidation 20 mils 0.775 0. 056 0, 082 0.152 0. 234
barrier platinum
Insulation 1/4 in. pyro- 0.070 0.101 0. 138 0. 230 0.336
lytic graphite
Outer 1/4 in. {min)) 0.074 0. 303 0, 384 0. 588 0. 815
ablator POCO
graphite
Total capsule weight (1b) 0. 697 1.014 2.036 3.410
Total capsule volume {in. 3) 6.19 8. 70 14, 07 21,41
Total surface area (in. 2) 18.7 23.1 32. 4 43,2
Owverall diameter (in. ) 1. 877 2.056 2. 432 2.770
Overall length (in.) 2. 237 2. 544 3.028 3.556
Frontal area, end-on (in. 2) 2,767 3.319 4, 645 6. 026
W/A, end-on (Ib/ft%) 36. 25 43. 99 63. 12 81. 49
Frontal area, side-on (in. 2) 4,198 5. 230 7.364 9. 840
W/A, side-on (Ib/ft>) 23. 89 27.93 39, 81 49. 90
Specific power, (W/1b) 7.19 9.86 12, 14. 66
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conductivity plane in the radial direction. This limits heat conduction into
the interior and reduces thermal gradients and stresses in the POCO graphite.

A comprehensive breakdown of reference PMC capsule weights and di-
mensions is given in table 5. Note that the outer POCO graphite, T-111
structural shell, and fuel are the heaviest parts of the designs. Also, total
heater weight/watt of power decreases by a factor of 2 from the 5- to 50-W
sizes,

The plutonia heaters are based on a fuel form specific power of 181.6 W/ib
and bulk densities of 0.366 1b/in.3 for the cermet (PUC) and 0. 246 1b/in. 3
for the PuO; microspheres (PUM). Resulting fuel sizes are smaller than
corresponding PMC sizes. Provision for helium expansion is made by using
30 v/o Ta foam around the Ta cladding and within the structural shell. Two
cases were considered: First, a void-to-fuel ratio near unity was assumed,
including end cap void space, and thicknesses of surrounding layers were
assumed to be the same as for PMC heaters. The results are presented in
table 6. Since the plutonia heater sizes were found to be smaller than the
PMC sizes, a second case was considered in which the structural shell and
surrounding layers were assumed to have the same dimensions as the PMC
designs. The resulting void-to-fuel ratios are about 1. 9 for the PUC heaters
and about 3.1 for the PUM heaters. Total heater weights for the two cases
are compared in table 6. A cost and weight analysis and comparison of min-
imal vs uniform plutonia heaters are presented under Cost and Weight Optimi-
zation later in this report.

Heater configuration tradeoff studies were performed to determine (1)
thebest ablator shape for protection against aerodynamic heating and earth
impact; and (2) the best fuel and pressure shell shape for structural strength
and impact resistance. Five ablator shapes were considered: spherical,
cylindrical with flat ends (reference case), cylindrical with oblate spheroidal
ends, cubic, and rectangular parallelepiped. Of the five, only the reference
case and spherical shape were studied in detail.

Six combinations of ablator and fuel capsule shape were analyzed:

1. Reference design - Cylindrical fuel capsule and flat-ended cylindri-
cal ablator.

2. Alternate A - Spherical fuel capsule andcubic ablator.

3. Alternate B - Cylindrical fuel capsule and rectangular parallele-
piped ablator. ’

4. Alternate C - Spherical fuel capsule and flat-ended cylindrical
ablator.

5. Alternate D - Cylindrical fuel capsule and cylindrical ablator with
oblate spherical ends.

6. Alternate E - Spherical fuel capsule and spherical ablator.
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Note that these represent the pertinent combinations-- a cylindrical fuel
capsule within a cylindrical, rectangular, or rounded-end cylindrical ablator
and a spherical fuel capsule within a cylindrical, spherical, or cubic ablator.

The six combinations are shown in table 7.

The equivalent spherical fuel capsulesfor promethia cermet fuel are il-

lustrated in figures 4 and 5.

These were designed on the basis of the same

fuel volume and structural layer thicknesses as in the equivalent reference

designs.

Although outer dimensions of the spherical layers are slightly

larger than in the reference case, layer weights are less. Total weight of

the bare spherical capsule plus pyrolytic graphite (also spherical) is about
19% less for both power levels.
some Ta foam would probably be required.

TABLE 7

Note that no Ta foam is shown; in practice,

HEATER CONCEPT COMPARISON FOR PROMETHIUM FUEL

Cylindrical Spherical Cylindrical Cylindrical Cylindrical Spherical
cyl. (flat-end) cubical rect, faced cyl, (flat-end)| cyl, (rounded|{ Spherical
a ends)
b
= 2 P B e B
Ablator shape / 4 al O z { ) :i:
Reference
Design Alternate A | Alternate B Alternate C Alternate D | Alternate E
Weight
summary (1b) 10W  s50W | 10W 50W 10W  50W 10W  50W 10W  50W 10W  50W
Bare capsule 0.49 2.26( 0.40 1.84 ] 0.49 2. 26 0.40 1.84| 0.49 2.26 0.40 1,84
Pyro graphite 0.14 0.34] 0.11 .28 1 0.14 0.34 0.11 0.28] 0,14 0.34 0.11 0.28
POCO graphite 0.38 0.81]0.58 1.36 | 0.55 1,24 0.42 0.94( 0.25 0.51 0.22 0.43
Total wt 1.01 3.41] 1.09 3,48 1.18 3.84 0.93 3,06 .88 3,11 0.73 2.55
Dimensions
(in.)
a 2,06 2,77]2.18 2.98| 2.06 2.77 2.18 2.98| 2,06 2,77 2,18 2.98
b 2.54 3.56| —== == 2.50 3,52 2.18 2.98| 2.50 3.52 —_—— -
Total vol(in.3)] 8.70 21.41 |10.36 26.46 |10.57 26.97 8,14 20.78] 6.53 17.11 5.43 13.86
Impact velocity]
(ft/sec)
End-on 245 333 178 232 196 262 221 293 382 532 12 78
3 5
Edge or sideon 329 438 131 171 178 233 328 435 330 448
W/A 1b/ft2
End-on 44,0 8l.5] 33.2 56.4 | 40.2 72.1 35.9 63.2 38.3 74.3
28.2 2.6
Edge or side on 27.9 49.9123.5 39.9 | 33.2 56.7 28.2 49.6] 28.7 52.5 5
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20 MILS PLATINUM = |
0.066 LB

20 MILS Ta /

0.038 LB

/
1.58/

2.18

POCO GRAPHITE
0.417 LB FOR CYL. ABLATOR
0.58 LB FOR CUBIC ABLATOR

PYROLYTIC
GRAPHITE
0.1141LB

0.163 LB
DIAM =0.98

+

2.18

69-318

{DIMENSIONS
IN INCHES])

Figure 4. PMC-10-25 147Pm, 04 Cermet Spherical 10-W Capsule with Cubic or Cylindrical Ablator

somiLs” |

PLATINUM
0.187 LB

/]

20 MILS Ta
0.107 LB.

2.98

POCO GRAPHITE
0.944 LB FOR CYL. ABLATOR
1.36 LB FOR CUBIC ABLATOR

PYROLYT!IC GRAPHITE
0.275 LB.

0.790 LB
DIAM = 1.66

|

2.l98

69-319

(DIMENSIONS
IN INCHES)

Figure 5. PMC-50-2S 147Pm20 3 Cermet Spherical 50-W Capsule with Cubic or Cylindrical Ablator



Part of this weight advantage is lost in encasing the spherical capsule in
a flat-ended cylinder or parallelepiped. An overall weight summary of pro-
methia-fueled capsules is presented in table 7 for the six designs. For the
same outer ablator shape, whether a parallelepiped or cylinder, overall
weights for spherical capsule designs are about 10% lower than for cylindri-
cal inner capsules.

Although the spherical fuel design results in a significant weight reduc-
tion for promethia capsules, comparative weights for plutonia capsules are
more nearly equal, assuming a fixed void-to-~fuel ratio. This is because
cylindrical capsules can utilize void space in the end caps for helium expan-
sion, while spherical capsules have no corresponding volume. The end caps,
therefore, create a small weight penalty for promethia fuel; but for plutonia
capsules, end caps can be used effectively. On the other hand, a spherical
vessel is theoretically stronger for the same internal pressure (volume).
Neglecting fabrication and welding considerations, a spherical plutonia cap-
sule with the same internal volume as the reference case is equivalent from
an internal pressure standpoint--but superior from a containment standpoint.

Data shown in table 7 indicate that a cubic or rectangular shape results
in the heaviest ablator, while a spherical or cylindrical shape with rounded

ends is lightest; the reference flat end cylindrical shape is in between. The
same trend holds for total volumes and surface areas.

Reentry heating and impact characteristics of design alternatives are
discussed in the Design Analysis section of this report; the results are re-
viewed here and related to the design.

In reentry heating, two considerations are of prime importance: the
ballistic coefficient and the heating ratios. Weight/area values for the
different designs are listed in table 7 for two basic orientations. Note that
heater designs with spherical fuel capsules have the lowest weight/area value
for any given ablator shape. Corresponding stagnation-point heating is less,
and since the heating ratios are the same, integrated heating is also less.
Despite the lower surface-heating, designs with spherical fuel capsules
attain temperatures equivalent to those of designs using cylindrical capsules
because heat is more readily conducted inward. Therefore, there is no
significant difference in internal temperatures of the two fuel-capsule shapes.

Reentry heating, however, is strongly dependent on the shape of the outer
ablator. Cubic and rectangular-faced designs have the lowest total surface
heating as determined by ballistic coefficient and heating ratio effects. The
sphere and the round-end cylinder have the greatest surface heating. Flat-
ended cylindrical ablator designs fall in between.

The reentry impact velocity calculations are summarized in table 7.
Note the significantly lower velocities for cubic and rectangular-faced shapes.
Round shapes are again the worst case, and flat-ended cylinders fall in
between.
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Reference Designs and Fabrication Details. - figures 6 and 7 show
typical design details of the 10- and 50-W reference heater designs. Primary
containment of the fuel is provided by a Ta capsule. The cylindrical section
of the capsule is a tube with a 0.020 in. -thick wall; the ends are identical in
shape and are machined from 0.040-in. Ta sheet. Fabrication of the primary
containment starts with the welding of an end into the tubular section. A
standing lip weld is provided for and can be tungsten-inert-gas (TIG) welded
or electron~-beam (EB) welded. Since the primary container is not designed
as a pressure vessel, welding the ends requires only that they be leak-tight
until the capsule is sealed into the heater's structural shell.

After the fuel form is placed in the primary container, a disk of 0.010-
in. -~thick Ta is placed over the fuel as a spacer to prevent volatilization of
the isotope during closure welding.

The structural shell consists of a tubular central section and ends formed

in the shape of an oblate spheroid. The material chosen is a Ta alloy, T-111,
which contains tungsten and hafnium.

Assembly of the structural shell begins with the EB welding of one end to
the tubular section. In the case of a plutonium-fueled capsule, Ta foam is
used around the capsule as well as at both ends to center the fuel within the
T-111 structure. The structural shell is closed by EB-welding the other

69-320

0.020 PT (OXIDATION BARRIER)
0.060 T-111 STRUCTURAL CONTAINER
0.250 (MIN.) POCO GRAPHITE
0.250 PYROLYTIC 0.064 Ta FOAM
GRAPHITE
\ / 0.020 Ta CONTAINER

\A///

A
SN L

, DIAM

0.936 {DIMENSIONS {N INCHES)

2,544

Figure 6. PUC-10-4 Nominal 10-W 238Pu02 Heater
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0.020 PLATINUM (OXIDATION BARRIER)
0.120 T-111 STRUCTURAL CONTAINER
0.250 {MIN.} POCO GRAPHITE 0.250 PYROLYTIC / 0.080 Ta FOAM
GRAPHITE
\ / 0.020 Ta CONTAINER
/.
1.190 // 2970

D"r‘M DIAM

— 1.530+ 0.001 —» {DIMENSIONS IN INCHES)

3.556 + 0.002

Figure 7. PUC-50-4 Nominal 50-W 238py0,, Heater

end to the tubular section. All structural welds are inspected with an ultra-
sonic nondestructive test device to ensure against voids or inclusions in the
welds, and 100% penetration.

Since T-111 is a refractory metal alloy subject to oxidation at elevated
temperatures, a barrier against degradation is provided by a 0.020-in. -thick
platinum shell. Identical halves are butt-welded to form a complete cover
over the structural shell.

Protection to ensure survival of the capsules during reentry is provided
by an outer shell of POCO graphite as an ablator and an insulating shell of
pyrolytic graphite with the AB plane concentric to the structural shell. The
pyrolytic graphite is composed of three pieces; two identical ends and one
tubular section. (It may be possible to form the pyrolytic graphite in only
two pieces, using a common mandrel, and machining the ends to fit as a
male/female joint.) The POCO graphite ablator is formed into cylindrical
billets; machined; and the two halves bonded together. Bonding of the pyro-
lytic graphite is probably not required.

Uniform heater designs: Figures 6 through 9 illustrate the details and
dimensions of typlcal designs and sizes for the nominal 10- and 50-W heaters
using 147Pm203 or 238Pu0y. All thicknesses and sizes from the structural
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Figure 8. PMC-10-2 Nominal 10-W 147Pm203 Heater



sareat €plud ;. | M-0S [RUILION Z-0G-OWd 6 8n6id

< 200°0 ¥9499°¢

(SIHONI NI SNOISNIWIA) [e——100'0 ¥ 0€G"| —1

[AAle]
100°0 F o611
INVIA
2000 F0LLC
////////
I// / /
FLIHIVHO DILATOHAd 0820 \ / NVvOod eL

HINIVINOO 1 0200

3LIHdVHD 000d ('NIN) 08270
HINIVLINOD TVHALONYELS LLL-L0ZL0
INIOf
H31HHVE NOILVAIXO WNNILY1d 0200 a3aanosg

9LL-69

37



shell outward are the same for similar power levels. Use of identical parts
wherever possible reduces the equipment required and simplifies fabrication.

Other reference designs: Figures 10 through 17 complete the list of
reference heater designs developed during this study. All use the same
materials and retain the flat-ended cylinder configuration for the ablator.
Figures 12 and 13 illustrate a concept that uses 238pPy0) bare microspheres
for fuel. These heaters are slightly smaller and lighter in weight than their
counterparts using the cermet fuel form.

Alternate heater concepts: Although the flat-ended cylindrical configura-
tion was selected for the reference designs, several alternate configurations
were considered. Three of these are shown in figures 18 through 20. All
refer to Pm fuel, but Pu can be used in the spherical and stacked design
concepts as well.

The types of materials used for the spherical geometry are identical to
those for the reference cylindrical design. An advantage of this design is the.
potential reduction in fabrication costs once the techniques have been developed.
However, impact velocity is high (table 7) and it may be more difficult to
integrate with a component and to stack or group the heaters.
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The stacked capsule concept (fig. 19) used a baseline 10-W capsule.
This capsule is identical to the 10-W baseline cylindrical design except that
the T~111 structure thickness is 120 mils rather than 60 mils; this is nec-
essary to provide adequate shielding when a number of capsules are stacked
together. The major advantage of this design is that it standardizes capsule
sizes and thus reduces fabrication costs. But qualification costs would be
higher because each size would have to be tested separately; and the design
does incur a weight penalty. ‘

The third concept (fig., 20) is the promethia unitized design. It departs
from the other design concepts in a number of important areas: (1) HfB,
replaces Pt for the oxidation barrier, (2) graphite felt is used in place of
pyrolytic graphite for thermal insulation, (3) a graphite ceramic, HfB,-
WSi,-C or TiB,-WSi;-C, replaces POCO graphite for the ablator. Using
these materials (which are under development at DWDL), the ablator insula-
tor can be pressed around the fuel capsule in a one-step process. DWDIL
has fabricated approximately 12 radioisotope heaters using this process and
stand-in fuels. Recently, one promethia-fueled capsule was also fabricated
by this process. Examination of the stand-in fueled capsules has shown that
no fuel penetrated the Ta container on any of the capsules. A program
is currently underway at DWDL to determine the physical and mechanical
properties of the graphite-ceramic. This method cannot be used with Pu at
the present time because of the need for a void within the capsule.

Figure 21 illustrates a spherical capsule in a cube-shaped ablator. This
concept is slightly larger than the reference design in overall dimensions

69-330
/ 0.020 Ta SHELL

0.120 T-111
\ |~

/ 30 \70 Ta FOAM

0.020 PLATINUM
OXIDATION BARRIER

EBWELD\ /EB WELD
[~
\ GRAPHITE
ADHESIVE
2.814

— 0.260 PYROLYTIC GRAPHITE

- GRAPHITE ADHESIVE

«—0.025 (MIN.) POCO GRAPHITE
CUBICAL SHAPE

2.814

(DIMENSIONS IN INCHES)

Figure 21. PUC-50-28 Spheroidal Concept 50-W 238py0,, Cormet

44



and it weighs slightly more. Its chief advantage over the reference design is a
significant reduction in impact velocity. The primary disadvantage at present
is the high development cost required to produce a spherical cermet-fueled
capsule, and the lack of experience in forming cubic shapes.

A number of heater configurations were considered before selecting the

flat-ended cylinder as the reference design. These are presented in
appendix A.

Reference heater mounting design. - The heater mounting system serves
other purposes in addition to correct positioning of the thermal energy
source. The mounting must provide low thermal resistance so that heater
operating temperatures will not exceed design limits. In addition, a systems
approach takes into account the fact that an appropriately designed support
furnishes protection to the heater from blast debris. To design the heater
to withstand debris without some protection by the mounting assembly would
unduly penalize the heater from a weight,volume, and cost standpoint.

Figure 22 illustrates a representative design for a support system in
which the heater is attached to the exterior of the unit requiring heat. The
illustration shows a design employing a sheet metal housing, a saddle block,
and an aluminum cover plate. Bolts and locknuts are used to hold the cover
in place. The mount is attached to the component with bolts inserted into
reinforced threaded holes. The saddle block accommodates the curved
surface of the heater and furnishes a good thermal conduction path to the
component.

Cost and weight optimization. - The survey of thermal requirements
aboard manned spacecraft established 37 different application areas requiring
between 180 and 300 heaters. A survey of unmanned spacecraft applications
would substantially add to these estimates; there is also the likelihood of
additional applications evolving during hardware testing phases. It therefore
seems logical to assume that all power levels in the 1- to 50-W range
are equally probable. This rationale should serve as the basis for power
level selection until such time as a better assumption may be substantiated.

Weight optimization: Table 8 gives the weights of the 5-, 10-, 25-, and 50-W
Pu and Pm cermet reference heaters. Figure 23 presents weight vs power
level for combinations of the same and different heater sizes. This curve is
based on Pm heater weights; however, the same conclusions would be valid
for Pu. The number(s) in each power level interval represents the lightest
heater or combination of heaters that satisfies the power requirements of that
interval.

From figure 23 it is seen that the weight differences between the lightest
and the next heaviest heater or combinations which satisfy the given thermal
requirement are small (generally <1 lb). The important point is that all of
the applications can be satisfied without incurring a significant weight pen-
alty by using 10- and 50-W heaters either individually or by stacking and/or
diluting.
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TABLE 8
HEATER WEIGHTS AND REFERENCE DESIGNS

Pm203 Weight
cermet (1b)
PMC-5-1 0. 697
PMC-10-2 1.014
PMC-25-1 2 036
PMC-50-2 3 410
PuO;y cermet (minimal size)

PUC-5-1 0. 530
PUC-10-3 0. 740
PUC-25-1 1. 524
PUC-50-3 2 423
PuOy cermet (uniform size)*

PUC-10-4 0. 964
PUC-50-4 3 205

*All dimensions and material thicknesses of structural shell out to
and including POCO graphite ablator are identifical to the PMC

heater designs.

WEIGHT (LB)

Figure 23. Heater Weight vs Power Comparison
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Cost considerations for additional heater power levels: A cost-effective pro-
gram requires a minimum number of different size heaters while adhering

to minimal weight guidelines. Estimated development and qualification costs
for a third heater size, if the 10- and 50-W heaters were previously developed
and qualified, are $150 000 to $200 000. If a payload penalty of $2000/1b is
assumed, and if the small weight differences between heater combinations are
considered, a large number of heater applications must exist in order to
amortize the cost of producing an additional heater size. From figure 23 it

is seen-that the largest weight penalty incurred by producing only 10- and
50-W heaters occurs in the 20-to 25-W interval where three 10-W heaters
weigh about 1 lb more than one 25-W size. It would require approximately
100 applications in the 20- to 25-W interval to justify production of a third
heater size. For any other power interval, the number of applications re-
quired for amortization would be significantly higher since typical weight
differences are a few tenths of a pound. However, if the payload penalty is

on the order of $50 000/1b because of launch vehicle and/or mission constraints,
the development of a specific-sized heater would be justified.

Cost considerations for minimal vs uniform heater sizes: The Pm and
Pu uniform-size heaters have the same outer dimensions and all material
thicknesses are the same from the structural shell outward. From table 8,
it is seen that the 10-W Pu cermet minimal heater size is 0. 224 1b lighter
than the uniform size, while the 50-W Pu heater is 0. 781 1b lighter than the
Pu uniform size. The uniform Pu heater provides a greater void/fuel
volume ratio than does the minimal size and, thus, provides a greater mar-
gin of safety in terms of internal helium buildup.

The additional cost of fabricating and qualifying two different heater
sizes for one power level is approximately $80 000 to $100 000. Many of the
qualification tests such as ablation, impact, vibration, launch abort debris,
etc,, could be performed with only one heater size for each power level
selected if the uniform-size series were chosen over the minimum-size
series.

Engineering analyses and manufacturing development costs would also
be reduced with a uniform heater size approach. Due to the relatively small
weight differences (0. 224 to 0. 781 1b), it would appear difficult to justify the
minimal size approach when considering the great number of heaters required
to amortize the development costs of two different heater sizes for one power
level. Finally, the uniform size approach permits interchangeability of Pm
and Pu heaters since only one mounting arrangement is required for each
power level.

Design approach and tradeoff study summary and recommendations. -
Results of the design approach and tradeoff studies are summarized below;
reference design recommendations are also presented.

Summary of results: Spherical capsules based on internal capsule vol-
ume equal to that for the reference designs weigh slightly less than the ref-
erence designs but are theoretically stronger in relation to internal pressure.
The primary disadvantage at present is the high development cost required to
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produce the spherical cermet-fueled capsule; as far as can be determined,
no cermet-fueled spherical capsule has been fabricated to date.

Flat-ended cylindrical heaters with spherical fuel capsules will result in
a net weight saving of about 10% while the cubic heater configuration results
in a net increase of about 10% compared to the reference designs.

Use of a squared-off ablator such as a cube or rectangular parallelpiped
results in substantially lower impact velocities, even considering possible
rounding of the corners during reentry heating. In addition, the total heat
load is less during reentry. Spheres and elliptical-ended cylinders are
worst from the standpoint of heating and impact. Flat-ended cylinders fall
in between. Some penalty is incurred regarding weight, volume, and surface
area using the squared-off ablators. The amounts are shown in table 7. The
cubic heater with the spherical fuel capsule (alternate A, table 7) is the best
design from the standpoint of reentry and impact velocities.

Safety and design analysis and limited impact testing indicate that the
reference heater designs meet established safety criteria and have a high
probability of surviving all mission phases and environments,

Two reference design sizes, the 10- and the 50-W, will span the power
range from 1 to 50 W without incurring significant weight penalties. Only in
special situations would the development of a third size be warranted.

Use of uniform or standardized sizes for Pu~ and Pm-fueled heaters in-
curs a small weight penalty when compared to the additional development,
qualification, and production costs for minimum-size heaters.

Recommendations: The phase II safety analysis, design, and develop-
ment should concentrate on the reference design. If budget and schedule per-
mit, alternates A, B, and C (table 7) should be further analyzed and tested.

Only two heater sizes should be considered for development - the 10-
and 50-W sizes. Pu and Pm heaters of the same nominal power level should
be standardized. The spherical and rounded-end cylindrical ablator designs
are not competitive in terms of reentry and impact velocities, although they
are the lightest designs. It is recommended that these not be considered
further.

Several additional criteria for final selection of the optimum shape have
been identified. These areas, many of which do not submit to quantitative
evaluation, require additional consideration; where possible, analyses and/or
testing should be undertaken. A partial list of such areas include fabrication
complexity; costs of development, qualification, and production; flexibility;
and component and mission evaluations.

Ablator Design Analysis
Ablator degradation in normal operation - The surface temperature of

a radioisotope heater in normal operation will be determined by the heat bal-
ance relationship with the environment. Typical values range from 100° to
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400°F. These temperatures may be maintained for a period of several years
depending upon the length of the mission.

At these moderately elevated temperatures, long term degradation of
certain ablation materials may result prior to reentry, thereby reducing the
thermal performance of the ablator, An investigation was conducted to locate
data pertaining to long term degradation of several characteristic ablator
materials at temperatures corresponding to those experienced during normal
operation. Types of degradation considered were sublimation, evaporation
of the material itself or a volatile component in high vacuum, breakdown such
as thermal rupture of polymer bonding, and oxidation. At elevated tempera-
tures, these effects often result in significant changes in the properties of
the material and in the reentry performance of the ablator. Data shown in
table 9 (refs. 9 through 23) furnish general indications of material break-
down temperatures and are useful mainly for comparisons rather than for
absolute values. Note that there is some disagreement among the various
sources quoted; in particular, data concerning the various phenolics are
quite incomplete.

TABLE 9
SUMMARY OF MASS LLOSSES FROM ABLATORS
Sublimation, degassing, Oxidation Temp
Material etc (%/yr) (mil/yr) (°F)
Graphites <0.1 -- 572
-- c. 0.6 450
Pyrolytic graphite Negligible -- 3000
-- <0. 001 450
Phenolics On the order of 10 -- 270
Rapid decomposition -- ~400
Teflon 1.5t0 3.0 -~ 600

These data indicate that the phenolics will experience significant degra-
dation, depending on operating temperature and mission life. Pyrolytic
graphite appears to undergo negligible degradation, and the graphites and
teflon appear to be little affected unless the temperatures involved are near
400°F and the mission lives are beyond 5 years.

Aerothermal analysis. - Aerodynamic characteristics of the heater de-
signs are important; two critical areas of safety are protection from reentry
heating and containment after earth impact. For both of these areas, ablator
design, ablative material chosen, and its shape and thickness are prime
factors. In this section, the designs are studied for independent reentry for
lunar return and earth orbital decay trajectories. Basic phenomena involved
and factors affecting the results are discussed and related to the designs.

Initial conditions: Initial flight characteristics are referenced to a
400 000-ft altitude over the North Pole., This is the normal atmosphere
starting point since at this altitude, orbiting bodies of the type considered
will not make a complete orbit before they fall to earth (the North Pole is
taken only as a convenient point of reference).
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The initial surface temperature of the heaters was calculated to be 240°F
based on a space equilibrium condition. The internal temperatures were only
a few degrees higher.

Initial velocities were assumed to be 25 694 ft/sec (circular velocity)
for orbital decay and 36 300 ft/sec (corresponding to the Apollo velocity) for
lunar return. Several selected flight angles for lunar return were considered
from -90° to skip trajectories. A worst-case 0° flight angle for orbital de-
cay was assumed,

The initial weights, projected areas, and weight-to-area ratios for the
reference and alternate designs have been discussed. Detailed analysis of
drag coefficients for different shapes and flow regimes is presented in
appendix B, including a summary of drag coefficients used in trajectory
calculations. The corresponding ballistic coefficients (W/CpA) for the var-
ious designs in different flight orientations are shown in table 10 for free
molecule (upper atmosphere)flow, continuum hypersonic (heating) regime,
and subsonic (impact) velocities.

Reentry environment: Using these initial conditions as input, trajectory
calculations were made for the different designs at lunar reentry angles of
-5.2°, -6.25° and -90. 0°", In addition, trajectories for -20° and -38° lunar
return angles were calculated for the reference 50-W Pm design. *

The trajectory calculations were made using the differential equations
of motion for a point mass relative to a rotating oblate earth. Variation of
the drag coefficient through the various flow regimes was included. Through-
out the trajectory, actual (corrected for body radius) heating rates were
calculated using the Detra and Hidalgo correlations of the Fay and Riddell
equations. Details of this code are given in appendix C.

Graphite ablation is calculated including combustion and sublimation, if
any. The amount oxidized is computed assuming an oxygen diffusion con-
trolled process and using the Reynolds analogy for boundary layer flow (mass
flow proportional to heat flow). The oxygen flux is multiplied by the heat of
combustion, assuming the reaction

1 C3+1 0,—~CO (gas)+ 2970 Btu/lb of 02

3 2

Dividing by the graphite density then gives the depth of graphite
ablated.

The amount of graphite sublimated was computed by (1) assuming a sub-
limation temperature of 6000°F; (2) calculating the radiation heat loss at

*Additional reentry angles were added to supplement those specified in the
design criteria. A more comprehensive evaluation of trajectory conditions
is required in phase II to ensure that all critical design conditions have been
included.

51



MOTF DTUOS NS sestesic

A

MO WINNUTIIUOD
MOTJ] IB[NDOTOW

dutlq 062  $S1 291 06 ¥L1 66 #pe QNS
-wng
pus (@a®)
—zon0 | 28 87 9¢ 12 G% G2 | xx¥u0D
-puyg 62 91 L2 91 62 91 xwF
ZL 0¥ 95 €€ ¥LZ  8¥1 061 LOT L61 60T | xxqnS
(oa®)
0¥ 22 1€ 81 Surgquun 8% 92 G¢ 02 ¥ $Z | %x3u0D
9¢ 02 82 L1 wopuey 92 ¥1 $2 31 92 Al *wiy
ZL 0¥ 95 €¢ L62 €51 06 15 911 €9 | ssxqng
15113 (oawe)
0¥ 22 1€ 81 an® wo Z9 Z€ G¢ 02 S¥ $2 | wxiuon
9¢ 02 82 L1 jeld  -puy LE 61 2¢€ 81 ¥ 22 W3
15¢ 881 | ¥¥ 92 1€ 81 o1z st1 | ser  ert| zoz gt |rexANS
(oa®)
LS 1€ LS €€ 0¥ o wo wo S¢ 61 €€ 61 ¥E 61 |xx3uoD
9z ¥1 82 91 02 Z1 -o8pm -°p1g | 61 01 81 01 81 01 g
M=-0S M-0T | M-0S5 M-0T [M-05 M-0T M=0S M-0T | M-05 M-0T | M-0G M-0I
T q v UO0I}BIULILIO a o) ufisep awi8ox
93eUI ANV 91'UIN[VY 21eUI Y WyB11q 9j3euIN VY 93R'UI NV oduaIFoY MOT T

C )

(o0

AGVININNS INHIDIAAHOD DILSITIVYE

0T HTdV.L

52



6000°F (495 Btu/ft? sec); (3) estimating the time period in which the heating
will exceed 495 Btu/ft4-sec; and (4) taking a simple surface heat balance,

neglecting oxidation heating, transpiration cooling, and heat transfer to the
interior, but including re-radiation, aerodynamic heating, and sublimation.

Detailed results for the reference designs in an earth orbital decay tra-
jectory are shown in table 11. The corresponding integrated heating results
for the design alternatives are illustrated in figure 24 and compared with the
reference design results. The heating rates are found to be too low to cause
significant graphite sublimation regardless of orientation or stabilization.
Therefore, the amount of graphite removal is small, and based only on dif-
fusion-controlled oxidation. Some temperature results are shown in table 11;
these calculations are discussed in detail in the next section.

Note in figure 24 that integrated heating at the stagnation point is nearly
the same for the reference design oriented side-on and end-on. The effect of
rounding the ends of the cylindrical ablator is evident by comparing the re-
sults for end-on for alternate D with the reference design. The flat-faced
cylinder design of alternate C has lower heating end-on because of the de-
creased weight (table 7). Side-on, all cylindrical ablator designs have simi-
lar heating (alternate D has slightly higher heating).

In spite of its light weight, the sphere has very high integrated heating
because of its lower drag coefficient. Lowest heating is attained by the
cubic ablator design (alternate A). The rectangular-faced design (alternate
B) falls in between alternate A and the reference case. These results em-
phasize the heating advantage of a high-drag flat-face ablator over the norm-
al rounded shape.

A summary of lunar return trajectory quantities for the Pmp0O3 reference
design is presented in table 12. Calculations are for the 50-W heater. Ex-
treme reentry angles are -5.2° and -90° the minimum and maximum angle
return for an Apollo mission.

In addition, calculations were made for the 50-W reference heater for
reentry angles of -20° and -38°., The integrated heating and corresponding
graphite ablation for the 50-W heater oriented side-on and nonspinning is
plotted in figure 25 as a function of lunar return angle. The sharp increase
in integrated heating for small reentry angles is noteworthy. The worst case
regarding heating of the capsule is the -5. 2° trajectory resulting in 115 000
Btu/ft2 at the stagnation point. Lower angles result in skip trajectories,
and, although the total combined heating is greater, the amount at each pass
is less than for -5.2°. The time between passes would cool the capsule. For
example, at -5.0° the integrated heating for the first pass is 65 500 Btu/ft2
and 70 100 Btu/ft2 for the return. The time between first pass and return is
about 3-1/4 hours, which is sufficient to cool the capsule., Even at 5.10°,
the return time is 1-3/4 hours after first pass.

The skip trajectories, however, can result in more graphite removal.

At -5.2°, the amount of graphite ablated for the nonspinning 50-W capsule is
0.34 in.; 0. 16 in. is oxidized and 0. 18 in., is sublimated. At -5.0° on the
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first pass, 0.04 in. is oxidized and 0. 09 in. is sublimated. On the return
reentry, 0.13 in. is oxidized and 0. 11 is sublimated. A total removal at
-5.0° is therefore about 0.37 in.

At angles lower than -5. 0°, the heating rates become too low to cause
significant sublimation. For example, the peak heating rate at -4. 0° is about
134 Btu/ftz—sec, the integrated heating is 8710 Btu/ft2, and the amount of
graphite oxidized is less than 0. 0047 in. for the first pass. However, the
number of orbits increases sharply for lower angles until a critical angle is
achieved where, for practical purposes, the heater never returns.

H.R. Spahr at Sandia has estimated (for a similar body) a lifetime of about
65 orbits for an initial reentry angle of approximately -4°, The method of
calculation was probably conservative, depending on the relative position of
the moon at the particular time. Although velocity decreases with each orbit,
the orbit becomes more circular and the body lingers longer in the atmos-
phere. Ablation is likely to increase somewhat with each orbit. Assuming
an average ablation depth of 1. 5 times the depth ablated on the first pass,

and taking 65 orbits at -4. 0°, the total depth of graphite ablated is about

0. 45 in. This should be close to the worst case since the angle of no return
is approximately -3, 0°.

Calculations were also made for alternate A, the cubic design with the
lowest heating, for a ~5.2° lunar return trajectory. Results for both the 10-
and 50-W heater are shown in table 13.

TABLE 13
ALTERNATE A DESIGN REENTRY QUANTITIES FOR -5.2° LUNAR RETURN

Flight T-111 max Peak heat- Time to Integrated Time to Graphite

orient, temp ing rate peak heat- heating impact ablated

(°F) (Btu/ft2-sec) ing (sec) (Btu/ft2) (sec) (in. )
50 W random 2226 504 * 920 68 600 566 0.11 *
10 W random -—- 505 * 90 49 800 538 0.09 *

* At stagnation point

Note the significantly lower heating and amount of graphite ablation for
this design compared with the results in figure 25 for the reference design.
The cubic ablator does not generally sublimate at the stagnation point,
although a small amount of sublimation will occur at the edges. The amount
of sublimation is not enough to alter the basic shape. The cubic ablator
appears to offer a greater advantage at these severe conditions than it does
in earth orbital decay, assuming that the outer ablator material is graphite
or a material with a high heat of ablation where the basic cubic shape remains
unchanged.

Thermal response: The previously computed trajectory and heating
parameters were used as inputs to the heat transfer and ablation programs
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to determine the thermal response in various regions of the capsule during
reentry. These time-dependent parameters included velocity, stagnation
enthalpy, cold-wall heat flux, and oxygen flux to the surface. In addition,
the time-to-impact and impact velocity were determined.

These parameters served as inputs to the TAP-3 and STAB-2 codes for
subliming and charring ablators, respectively. The complete nodal systems
used in the models for the various flight orientations are given in appendix D,

For several reference heater trajectories and flight orientations, the
temperatures obtained for (1) the ablator surface, (2) the T-111 layer, and
(3) the fuel center are presented in figures 26 through 31 as functions of time.
For the side-on, nonspinning, and end-on flight orientations, these points
were chosen' at stagnation point of the capsule to reflect the maximum temper-
atures reached in each layer of the multilayered capsules.

The critical T-111 peak temperatures for all cases analyzed appear in
tables 11 and 12. Because of the large number of combinations of fuel and
fuel form, capsule geometry, capsule power level, type of ablator, trajectory,
and flight orientation parameters, the total number of possible reentry cases
is several hundred.  Only those situations which represent either worst or
critical cases were analyzed. The results are shown in tables 11 and 12,
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In addition to the results for the reference design, thermal response cal-
culations were performed for the cubic ablator (alternate A) design. The re-
sults are presented in table 14, Calculations were made assuming uniform
heating on the surface for a random tumbling mode and using a one-dimensional
spherical TAP-3 model., Although local heating effects will occur at the cube
edges, uniform temperatures inside the insulation appears to be a reasonable
assumption in view of anisotropic thermal conduction characteristics of pyro-
lytic graphite. An average-to-stagnation-point heating factor of 0. 30 was
assumed for the cubic shape in a tumbling mode.

TABLE 14
TEMPERATURE RESULTS FOR ALTERNATE DESIGNS

Peak average Peak T-111
Design Trajectory Orientation surface temp (°F) temp (°F)
50-W cu. Earth orbital Random tum- 2700 2058
(alt. A) decay bling
50-W cu. -5.2° lunar Random tum- 2226 3556
(alt. A) return bling
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Thermal stress: A thermal stress analysis of the 50-W, side-on, non-
spinning earth orbital reentry case indicated low stress levels. Maximum
thermal gradients occur for a -90° lunar return trajectory. The surface
temperature rises quickly to 6000°F while the internal temperature is approx-
imately 1000°F. A difference of several thousand degrees exists from front
face to back if no rotation occurs. The highest temperature differential
across the 1/4-in. ~thick POCO layer was found to be about 2000°F while the
maximum gradient across the insulating pyrolytic graphite was 3000°F. De-~
tailed thermal stress analyses should be performed for this critical condition
when more accurate temperature profiles become available during phase II
of the program.

The dynamic pressure forces are also greatest at -90° lunar return. As
the capsule reenters the dense atmosphere, decelerations up to 363 g's are
encountered. This occurs just after peak heating. The stagnation enthalpy,
which is about 26 000 Btu/Db at high altitudes during the lunar return traject-
ory, averages about 10 000 Btu/lb at the time of peak stagnation pressure,

Test information regarding the capability of POCO graphite to withstand
mechanical failure or erosion at these conditions is encouraging if not con-
clusive. POCO graphite was developed to provide outstanding thermal stress
characteristics and mechanical properties. It was extensively tested as a
nose cone candidate material under extreme reentry conditions in the RESEP
(ref.?24) program conducted by MDAC. The range of aerodynamic test con-
ditions exceeded those for -90° lunar return. Ablation rates of the POCO
specimens compared closely with those for thermochemical ablation alone
at conditions of interest. Thermal stress failure was never observed at any
of the test conditions. Detailed analysis is required to compare the test
thermal stress with that occurring in flight.

Alternate ablators: The analysis presented above delineates the capability
of the 1/2-in, -thick POCO-pyrolytic graphite ablator/insulator design to with-
stand heating and ablation during reentry. The ablator shape has a significant
bearing on aerodynamic heating and, therefore, on internal temperatures., The
block ablator (cubic or rectangular-faced) results in the lowest heating and
temperatures, particularly in the critical area of shallow-angle lunar return.

The flat-ended cylinder design results in tolerable internal temperatures
and graphite ablation depths for all reentry trajectories with the possible
exception of lunar return at angles less than about -6°. In the critical area,
the ablation depth could be as great as 0. 45 in., but only for a very narrow
range of critical angles and only for nonspinning side-on orientation. This
means that the POCO graphite could conceivably be completely stripped away
and, assuming that the pyrolytic graphite layer is mechanically strong enough
so that no spalling occurs, only 0,050 in. of pyrolytic graphite would remain.
Obviously, internal temperatures for this case would be prohibitive. The
cylindrical ablator design, therefore, meets safety needs for protection from
reentry heating for the great number of missions involving earth orbital reentry
and for lunar missions where return trajectories preclude angles less than
about -6°, Additional ablator requirements are needed for missions where the

62



critical area cannot be precluded. The design was not changed to include these
requirements since this would unnecessarily penalize the majority of applica-
tions involving only earth orbital return,

On the other hand, analysis indicates that design alternate A (cubic ablator)
meets all reentry protection requirements, even at critical angle conditions.,
There are two main reasons for this: (1) Reentry heating is so low that no
appreciable graphite sublimation occurs, and (2) graphite removed by oxida-
tion comes primarily from the edges where the thickness is greatest., Further
analysis at the critical lunar return angles is recommended for this design,

It is clear from the results presented in this report that, where possible,
shapes such as spherical and rounded ends for cylinders should be avoided in
order to reduce aerodynamic heating and impact velocity.

The graphite materials were found to exceed the performance of alternate
ablator materials such as Teflon, glassy materials such as quartz, and charring
ablators, The Teflon ablator thickness which would be required for the 50-W
reference capsule on lunar return at 6-1/4° was calculated to be about 2 in,

The result for quartz was about 1-1/2 in. These thicknesses result in a severe
weight penalty.

As expected, only charring-ablator composites composed mostly of
graphite or carbon were found to have heats of ablation on a level of that for
pure graphite. In particular, Narmco 4047 was analyzed and compared. This
phenolic graphite material has a low density (74 1b/ft3 compared with 127, 5 1b/
ft3 for POCO) and a heat of ablation equivalent to graphite. The plastic pyro-
lyzes at intermediate temperatures, thereby reducing incoming heat and
leaving a low density of carbonaceous char, '

Narmeco 4047 was found to compare well with POCO for reentry transients
with long soak periods. This is shown in table 11 where the amounts of abla-
tion are similar and the backface temperature for the charring ablator is
several hundred degrees less., Aside from questions of material degradation,
there remains the question of whether the low-density graphite char can with-
stand the dynamic pressure loading and thermal stresses of steep-angle
reentry.

Structural Analysis

Pressure vessel analysis. - A limit which is imposed on the capsule
design is the requirement that the T-111 structure contain the internal helium
buildup from plutonium fuels for a 20-year orbital life. The reference capsule
designs were analyzed to ensure that this requirement was satisfied. The
T-111 pressure vessel walls were considered to be 0.120 in. thick for the
50-W heaters and 0, 060 in. thick for the 10-W heaters, in the shape of a cir-
cular cylinder with semiellipsoidal heads. No credit was taken for the
strength of the platinum oxidation barrier; and a conservative assumption of
100% release of helium from the fuel was made. Longtime T-111 creep was
not analyzed because the capsules are at maximum temperature for only a
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few minutes during reentry, Reentry and earth burial are the only conditions
where significant pressure stress occurs.

a. Reentry after 20-year orbital life: The amount of helium generated is
solely dependent on the amount of 238py undergoing transmutations. However,
the amount of helium released from the interstitial volumes of the fuel is a
complex process dependent on temperature, pressure history, and fuel form.,
For the design case where 100% of the helium is released, the ideal gas equa-~-
tion may be combined with the expression for radioactive decay to determine
the pressure within the T-111 structure, 20 years after encapsulation, as a
function of the absolute temperature of the gas and of the void-to-fuel-volume
ratio of the capsule, The gas temperature was conservatively taken to be equal
to the T-111 temperature.

The stresses were computed for a right circular cylinder having semi-
ellipsoidal ends, The discontinuity stresses at cylinder-ellipsoid junctions
were included in the analysis (ref. 25 ).

Several methods of predicting failures in materials are amenable to hand
calculations, notably the maximum stress theory, maximum strain theory,
and Von Mises' theory. Of these, Von Mises' theory gives perhaps the best
agreement with experimental results for ductile materials such as T-111
(refs. 26, 27, and 29). This method predicts yielding if

GeE\/ (0‘1 - 02)2+ (cz - 0'3)Z+ (03 - 01)2 = o‘y (1)
2

where the o; are principal stresses and o, is the yield strength in simple
tension. The quantity, oy, is temperature-dependent--strongly so at higher
temperatures., Values o}, 7y /0e were computed for several capsules and
flight orientations for the earth orbital decay trajectory, which produces the
highest T-111 temperature during the heating transient.

Table 15 presents flight orientation, peak temperatures, corresponding
pressures within the T-111 structural shell, and the quotient o,/ oe, which
is a type of safety factor. The results indicate that, within the accuracy of
the Von Mises yield theory, there should be no difficulty caused by helium
pressure buildup for the T-111 thicknesses selected in the reference designs,
although the PUC-10-3 T-111 structure may undergo some yielding if it
reenters in the side-on spinning mode,

b. FEarth burial temperature and pressure: Helium containment after
earth impact is also of concern since safety criteria dictate a containment
period of 10 half-lives. Soil burial may produce capsule heat significantly
above normal operating temperatures and thereby lead to increased helium
pressure,.

Capsule surface temperatures for soil burial were determined for a
cylindrical, stationary (non-~self-burying) capsule in a homogeneous, infinite
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TABLE 15

SUMMARY OF PRESSURE VESSEL ANALYSIS
RESULTS FOR REENTRY

Heater Flight Ratio T-111

designation orientation void/ temperature Pressure o /lo

: fuel (°F) (psi) ¢

PUC-10-3 Side-on 1.065 2150 8178 0.96
spinning ;

PUC-10-4 Side-on 2,01 2150 4333 1.54
spinning

PUC-50-3 End-on 1.04 2058 8079 1.26

PUC-50-4 Side-on 1.82 2111 4714 1.76

medium (depth below soil surface greater than about 10 capsule diameters).
Soil thermal conductivities ranging from 0. 22 to 0, 24 Btu/hr-ft-°F were used,
based on unpublished data from J. B. Boyd, Sandia. These values are lower
than the thermal conductivity of approximately 70% of the earth's land surface.
The equation relating capsule heat generation and capsule surface temperature
for soil burial is:

_Qln(n+ V14 nz)

T, TR (ref. 29) (2)
where Tg = capsule surface temperature above soil temperature (°F)
Q = capsule power (Btu/hr)
n = capsule length/diameter ratio
Ky = soil thermal conductivity (Btu/hr-ft-°F)
L = capsule length (ft)

Burial temperatures above soil ambient for 10- and 50-W capsules, with
and without ablators, are shown in table 16 for the promethia cermet, plu-
tonia cermet, and plutonia bare microsphere fuel forms, at the power levels
at which maximum temperatures are produced,

The highest burial temperature would occur for a heater with ablator and
insulator removed, Assuming this condition, maximum pressure during
burial may be determined by differentiation of the pressure-time relationship.
The resulting maximum pressure for the PUC-50-3 heater was found to be
11 909 psi and the T-111 temperature at that time was 174°F. Since the
T-111 strength is quite high at such a low temperature, the value of the safety
factor, cry/ 0e, Was higher than during reentry: 1.90 vs 1.26.

As in reentry, no credit was taken for helium retention by the fuel.
While data for this phenomenon are uncertain, it is quite possible that, at
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TABLE 16

SOIL BURIAL TEMPERATURES

Capsule surface temperature

Nominal power above soil ambient (°F)
Fuel form level (W) With ablator Without ablator
Promethia cermet 10 144 257
50 477 724
Plutonia cermet 10 138 263
50 460 129
Plutonia bare microspheres 10 140 271
50 473 762

temperatures experienced during burial, a significant portion of the helium
would be retained in the fuel.

Impact. - Analytical methods for determining material failure due to
impact loading are not sufficiently developed to guarantee safety., Therefore,
DWDL has a continuing Independent Research and Development program for
impact testing of simulated design configurations.

The most recent test specimens simulated 10- and 50-W heaters. Tests
showed that T-111 in the 10-W reference design configuration (no platinum or
graphite present) can withstand impact against granite at 420 ft/sec.

The majority of the specimens showed major deformation after impact,
but appeared to provide complete fuel containment. Subsequent helium leak
measurements showed, however, that in many cases, small cracks were
present in the T-111 shell, These were caused by a combination of oxidation
on the outer surface and intergranular attack on the T-111 by the fuel simulant
on the inside surface at the corners where maximum stress occurs. Sub-
sequent impact tests will use a fuel simulant more nearly representative of
the radioisotope fuel,

The design used in the test specimens allowed a weld penetration of 2/3
of the T-111 structural shell and resulted in increased deformation of the
shell in the impact area. The weld area was redesigned to give greater
penetration and, thus, reduce shell deformation.

Photographs, impact test conditions, and results are included in
appendix E.

Ocean burial considerations, - Calculations for a cylindrical container
indicate that for burial at a depth of 17 000 ft, the value for the measure of
safety, o/o,, is 2.61 for the PMC-50-2 capsule and 2. 27 for the PMC-10-2
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capsule, The 17 000-ft depth exceeds that of approximately 85% of the ocean
floor. Note that the safety factor is based on structural vessel yield strength.
Because of inner structure support, no buckling is expected.

The heater will meet the ocean depth static overpressure criterion of
10-2 MPC at the ocean surface, Assuming no vertical mixing limit and hemi-
spherical dispersion, the depth at which a point release will produce 10-2
MPC at the surface is 11 500 ft for 238Pu and 5200 ft for 147Pm (see discus-
sion under Ocean Water Contamination in this report),

Ocean burial temperatures were calculated based on natural convection
from a cylindrical capsule in a horizontal orientation, Capsule surface tem-
peratures would be less than 5°F above ocean ambient temperatures for all
heater designs,

Oxidation and sea water corrosion. - Although 0, 020-in, -thick platinum
had been tentatively selected for an oxidation- and corrosion-resistant clad-
ding, investigation of other materials was undertaken. A literature search
was conducted for data indicating the behavior of several candidate materials
in the following environments; sea water at temperatures of 80° to 200°F
and soil at 100° to 1500°F, The materials included nickel, cobalt, Hastelloy
C, Hastelloy X, Haynes 25, T-111, and Pt.

Published data were found to disagree by orders of magnitude, However,
a summary is presented in table 17 of representative oxidation and sea water
corrosion rates in mils/year for the different materials at various tempera-
tures (refs. 30 through 43), It is generally assumed that oxidation is the
main corrosion mechanism when capsules are buried in common soils (ref. 30).

The listings in table 17 confirm the selection of platinum. Nickel and
cobalt apparently will not meet the sea water and soil corrosion requirements
associated with 10-half-life fuel containment. The melting points of Hastelloy
C, Hastelloy X, and Haynes 25 are in the neighborhood of 2300° to 2500°F,
which is only slightly above the temperatures reached during reentry. Plati-
num and T-111 have melting points well above the maximum temperatures
expected during reentry. The T-111 structural container also has excellent
resistance to sea water corrosion and oxidation at moderate temperatures.

Shielding and Dose Rate Analysis

Dose rates at 1 meter from the Pu and Pm heaters were calculated con-
sidering heater power, shield material, and shield thickness as parameters.
Pertinent results are presented in figures 32 through 35.

238py heater dose rates. - The reference design 10- and 50-W Pu-fueled
heaters will produce 0.6 and 2.8 mrem/hr (respectively) at beginning of life
at 1 meter from source center. This dose rate will increase slightly with
age to 0.7 and 3.3 mrem/hr 6 years after encapsulation. These results and
the relationships between heater power, shield material thickness, capsule
age, and radioisotope purity are shown in figure 32,
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TABLE 17

MATERIAL OXIDATION AND SEA WATER CORROSION RATES

Material Oxidation (m/yr) Sea water corrosion (m/yr) Temp (°F)

Platinum <0, 001 -- 1200

-= 0.001-0, 005 room
Nickel negligible -= 1470

-- 0.5-1 (bad pitting also) room
Cobalt 0.6 -- 750

-— 0. 18 (distilled water) 77
Hastelloy C ~0,1 -~ up to 800

-- <0.05 up to 400
Hastelloy X ~0,1 -~ up to 800

-- <0.05 up to 400

-- 0. 09 (steam) 1022
Haynes 25 ~0,1 - up to 800

-- <0. 0035 up to 400
T-111 <0.035 - 536

-- ~ 0,001-0. 005 room

External dose rate from 238Pu heaters consists of neutron and gamma
ray contributions, Neutrons come from spontaneous fission of 238py and
from (&, n) reactions with light element contaminants (if present), Gamma
rays come from decay of 238Pu and from decay of the daughter products of
other Pu isotopes. At beginning of life, the principal gamma ray source is
238py, while after several years, decay products of 2 6Py (principally 208T1)
become dominant, 230Puy is initially present at 1 ppm.

Neutron dose rates are based on neutron emissions of 3 x 104 and
2.2x 103 n/sec/gm—238Pu respectively (refs, 44 and 45) for standard and
purified 238Pu02, Purification of PuO; assumes remoyal of all light-element
contaminants and preparation of PuO, with enriched 016, The beginning-of-
life gamma dose is shown added to the standard PuO, neutron dose to give
total beginning~of-life dose rates between 0.6 and 2,7 mrem/hr for 10- to
50-W capsules containing 0,120 in. of T-111, End-of-life dose rates for both
T-111 and superalloy capsules are shown, Note that the use of superalloy
shielding is permissible for Pu.

147pm heater dose rates. - The reference 10- and 50-W Pm-fueled
heaters will have external dose rates of 3 and 5 mrem/hr (respectively) at

68



DOSE RATE AT 1 METER {MR/HR)
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1 meter., The design criterion of 5 mrem/hr at 1 meter was used to size the
thickness for the 50-W capsule. Other design criteria established the 0. 060-
in, T-111 thickness for the 10-W capsule,

Capsule dose rate as a function of heater power for capsules containing
0.060 and 0.120 in. (total) of cladding is shown in figure 33; 0. 060 to 0.120 in,
of T-111 or other heavy metal (depending on heater power) will shield to the
design criteria, However, note that 0,120 in. of superalloy is grossly insuf-
ficient, Thus, use of a superalloy for structural radioisotope containment
would necessitate use of an auxiliary heavy metal shield or a substantial
increase in the wall thickness. Both are undesirable design modifications,

147pm heaters will have an external dose rate consisting of bremsstrah-
luq(g and gamma rays., Bremsstrahlung (0.06 to 0,15 MeV) is produced by
147pm beta decay. Gamma rays (0.45 and 0.75 MeV) come from the 146
contaminant which is present at approximately 0, 25 ppm. Bremsstrahlung is
relatively easy to shield; consequently, the shield curve for Pm has the
characteristic shapes shown in figures 34 and 35.

The first layers of shield material drastically reduce the external dose
rate by shielding the low-energy bremsstrélhlung. The dose rate is then
controlled by passage of higher-energy 146p gamma rays which are more
difficult to shield. Comparing figure 34 to figure 35, the bremsstrahlung is
much more sensitive to heavy metal shielding. The incentive to use the more
dense T-111 for the structure material is clear.

Gamma ray and neutron spectra from the 10- and 50-W Pm and Pu heaters
at 1 meter were calculated and are given in appendix F, Gamma ray analysis
for both fuels was performed with the computer program ISOSHLD (ref. 46).
The neutron dose contribution from plutonia was hand-calculated based on fast
neutron tissue dose response and point source geometry,

Accident and Failure Analysis

Critical and secondary failure modes were identified earlier in this
report, KEach was analyzed to the extent consistent with the phase I effort.

Launch pad explosion and fire, - A critical design condition results from
an abort consisting of launch vehicle destruction and total consumption of the
rocket fuel on the launch pad. The capsule may be subjected to any combina-
tion of temperature, corrosive environment, blast pressure, and debris
associated with the pad abort fireball and residual fire.

Four launch vehicles identified in the applications study as prime candi-
dates for manned missions using radioisotope heaters are: (1) Intermediate
20 (S-IC and S-IVB stages), (2) Intermediate 21 (S-IC and S-II stages),

(3) Saturn 1B, and (4) Titan IIIM.

Intermediates 20 and 21 are two-stage earth orbital versions of the
Saturn V where either the S-II or S-IVB stage is removed. The complete
Saturn V lunar launch vehicle is made up of three booster stages, the lunar
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excursion module (LEM), and the command module (Apollo spacecraft), The
three booster stages are:

Stage Propellant Propellant weight (1b)
S-1C LO2/RP 4 555 000
S-11 LO/H? 970 280
S-IVB L.O,/Hy 234 000

The Saturn 1B vehicle consists of a 1B first stage and an S-IVB second
stage. The first stage contains about 200 000 1b of L.O,/RP fuel.

The Titan III M vehicle contains about 200 000 1b of liquid fuel, N,O4/
N,H,-UDMH, and 1 000 000 lb of solid fuel, NH4Cl,/PBA,

Thermal environment: The thermal environment for the various launch
vehicles is presented in figure 36,

The Saturn V, the Intermediates (combination of vehicle stages), the
Saturn 1B, and the first 2,5 sec of the Titan III M abort thermal profiles are
based on Kite and Bader's model (ref, 47) adjusted for the fuel-load charac-
teristics of each vehicle. The Titan fuel mixture (N20/NyH»-UDMH) reacts
and burns (ref, 48) at roughly the rate and temperature associated with the
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Figure 36. Launch Pad Abort Thermal Environment
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LO,/RP, LH fuels of the Saturn vehicles., The Titan 3000°F heat pulse
between 2. 5 and 10 sec is characteristic of the burning temperature of the
solid fuels at the overpressures associated with the fireball. * Resid-

ual fire is due to remaining solid fuel burning at atmospheric pressure, The
thermal profiles are used under the assumption of radiative heating with
fireball emissivity of unity, Convection and conduction are considered
negligible.

A limited amount of experimental data is now available on the burning
temperature of Titan III M solid fuel. ** At the time of this writing, Isotopes,
Inc. has just completed a test series involving burning samples of Titan III
M (UTC-3001) and Scout (Algol IIB) solid fuels. Various isotope capsule test
samples were subjected to the fuel fires.

Isotopes, Inc., pyrometer tests indicate burning fuel surface temperatures
of 3350°F; a calorimeter in contact with fuel indicates approximately 50 Btu/
ft2 sec heat flux; a calorimeter in proximity (not touching) between two blocks
indicates 75 Btu/ft2 sec heat flux, Converting the proximity heat flux to
radiative temperature with e = 1, 3180°F temperature is obtained confirming
the model of figure 36. However, true emissivity is better given as ¢ = 0,4
(alumina) corresponding to 4000°F. The test also indicated burning times of
several minutes, depending on block size. SANDIA is currently extending
the work of Isotopes,Inc. in an attempt to define a worst-case solid fuels
fire test.

The combination of actual fire temperature and duration could invalidate
the model used. Thus, the phase II effort will establish a new Titan III M
thermal model.

More important than fire temperature are the results of the tests involv-
ing capsules. It was observed that graphite will protect the capsule providing
the substrate doesn't melt, In this regard, the graphite-protected refractory/
platinum capsules were generally intact., Refractory/platinum capsules
without graphite contained the bulk of fuel material, but showed slight cracks.
Superalloy capsules with graphite typically melted within the graphite shell
(providing the graphite remained intact); superalloy capsules without graphite
protection disappeared,

The graphite was observed to be immediately coated with molten alumina
(from the fuel). The graphite survives because of its high melting point, and
is totally protected from oxidation. A practical solution for this fire condi-
tion appears to be a design employing a mechanically resilient graphite outer
structure.

The worst launch-abort thermal environment currently identified is that
produced by various combinations of the Saturn V stages (fig. 36). Thus, the

*Personal Communication, Dr. E. Walden, United Technology

**Personal Communication, Nelson Rose, Isotopes, Inc. and Dr. R. D.
Hardee, Sandia Laboratories
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reference capsules were subjected to a time-dependent thermal analysis using
the Saturn V time-temperature environment,

Figure 37 shows the transient temperature response of the platinum
oxidation layer of the 10- and 50-W 147Pm cermet capsules. Cases are
shown for the 50- and 10-W capsules respectively, assuming the ablator
(emissivity = 0. 8) intact. Temperatures in the 50-W capsule rise more
slowly because of the higher total heat capacity. Cases are also shown for
the 10-W capsule with ablator removed by blast debris. The surface emis-
sivities considered were 0.2 and 0.5; 0,2 represents the highest measured
emissivity for strip platinum, while 0.5 is a conservative estimate of the
maximum emissivity of the platinum surface after removal of the ablator,
Actual surface temperatures will fall somewhere in between. However, the
maximum temperature for the worst case is conservatively 450°F lower than
the melting point of platinum,

Blast debris environment: The only detailed launch pad debris study to
date has been performed for the SNAP 27 Radioisotope Thermoelectric
Generator (RTG) (ref., 49)., This study has resulted in a fragment size and
velocity distribution model which is currently being used as a guide for impact
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testing. The model has been generalized to other launch vehicles according
to the following assumptions:

1. The capsule is located 35 ft from source of projectiles.,

2. Pertinent projectiles come from the top dome of the launch stage
closest to the capsules (for the Saturn V, this is the S-IVB stage).

3. The fragments are 0.060-in.-thick,type 2014 aluminum plate charac-
teristic of the S-IVB top dome. Capsule impingement occurs with the debris
face-on.

4, Debris production for top stage vehicles other than S-IVB is propor-
tional to S-IVB by ratio of end areas,

5. The burst pattern is 2 7 r2 (uniform particie distribution throughout
a hemisphere).

1/2 {(bulkhead area)

6. Collision probability is

2wr2

7. Collision energy available for transfer to the fuel capsule is
KEA
— 1 shear energy of punchout,

F

where:

KE = kinetic energy of the fragment.

Ac = cross-sectional area of the capsule.

Ap = flat-face area of the fragment.

This model is shown in figure 38 and is intended for correlation to cap-
sule impact test results, Available impact energy is shown for the three types
of launch vehicles as a function of capsule collision probability. A few tenta-
tive conclusions can be drawn:

1. Results of the impact test program indicate that the heaters with
design improvements will reliably survive impact against granite with impact
energies to about 10 000 ft-1b. The debris is aluminum plate which readily
yields, so survival impact energies probably can be considerably higher.
This appears to be borne out by current SNAP 27 debris collision test results
and provides confidence that the capsules will survive debris collision,

2. The assumptions are conservative with regard to capsule distance
from debris source and no credit for structural material between the capsule
position and debris source. Thus, collision probabilities are smaller than
those shown, and must be evaluated during vehicle integration,

3. Impact testing appears to be the only practical approach to design for
the debris environment,
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It is intended to design and test for a standard impact condition during
phase II, However, the mounting bracket design is an integral part of debris
protection, Design details will be firmed subsequent to vehicle integration
identification. In specific cases where debris environment is more severe
than that evaluated in phases II and III, special tests may be required,

Overpressure environment: Capsule integrity during external pressure
loading was examined earlier in this report. It was found that the capsules
will resist static overpressure in excess of 20 000 psi. This substantially
exceeds any static overpressures identified in the SNAP 27 design. Testing
during phase II is required to substantiate the dynamic overpressure response
and is identified for the phase II effort.

The reference capsule materials and configurations were examined from
the standpoint of chemical integrity (refs. 50 and 51). The materials system
will provide absolute protection against the chemical environment, providing
the platinum oxidation barrier remains intact, The platinum layer will under-
go negligible attack from the chemical environment, Mechanical damage
presents the only potential means of breaching the platinum; this must be
evaluated experimentally during phase II of the program.,

As previously discussed, the thermal environment will not cause failure
of the platinum,
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Failure modes. - The heaters have been designed to satisfy all safety
anddesign criteria specified earlier in this report. However, it is useful to
identify potential failure modes so that the analysis and testing required in
phases 1II and III may be identified,

Ablator failure: The ablator and capsule may fail because of:

1. Too little ablator thickness or nonoptimum material to withstand
thermochemical heating and ablation,

2. Too little insulation to protect inner capsule (thermal conductivity
too high or thickness too small).

3. Insufficient ablator mechanical strength to withstand combined steep-
angle deceleration forces and thermal stresses.

4, Accidental removal of ablator prior to reentry.
Impact failure: The capsule may fail on impact because of:

1. Velocity too high for capsule design (capsule size, shape, and layer
thicknesses).

2. Unfavorable angle of impact,

3. Unfavorable temperature at impact.

4., Unfavorable internal pressure at impact
5. Partial chemical degradation of structure.

6. Inappropriate material for structural containment considering duc-
tility, density, mechanical strength, and manufacture,

7. Potential weakness due to welding and fabrication.

Secondary failure modes, - Failures other than those identified would be
one or a combination of types listed below:

1. Functional failure during mission phase:

a, Shortened containment life due to irradiation,

b. Shortened containment life due to thermal cycling.

c. Shortened containment life due to vibration or mechanical shocks,
2. Water impact:

a. Thermal stresses on impact of the hot reentering capsule with
the colder water.
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b. Long-term corrosion of the protective oxidationand structurallayers,

3. Ground burial:

a. Rupture from internal pressure due to excessive temperatures.

b, Corrosion of the oxidation and structural liners.

4, Accidents during prelaunch phase:
a. Vibration or mechanical shock.
b. Chemical attack or corrosion.

c. Melting or yield of containment material due to high temperatures
or thermal stresses.

Each case does not appear credible based on analysis. The development
testing program described later in this report is designed to simulate the
above conditions and uncover any potential weaknesses in the design.

Radioisotope heat sources designed and qualified to resist ORNL Class C
III (ref. 4 ) test conditions will resist destruction by virtually any handling or
transportation accident, This can be shown by analysis and by reviewing the
history of medical and industrial use of radioisotope capsules.

Disposal by nonrecovery is entirely realistic. The majority of heaters
(~70%) will have ocean burial., Design analysis shows that heaters in sea
water will resist corrosion for long time periods, Release of measurable
activity at any time is very unlikely, The remaining heaters (30%) will land,
for the most part, in soft soil, in some cases partially buried; most will never
be found intentionally or accidentally. Design analysis shows that the heaters
will last for long time periods in a soil/air environment and release of meas-
urable activity at any time is very unlikely.

Probabilistic methods., - A safety analysis subtask was to develop an
application of probabilistic methods for estimating risks and hazards of heater
failure. This scheme is described in appendix G. The method is appropriate
for a digital computer program which should be written and applied as part of
the phase II analysis effort, The code will follow through the probabilistic
fault tree of figure 3, providing the probability of occurrence and an assess-
ment of the hazard resulting from failure, Note in appendix G that the indi-
vidual (event) performance models use statistical deviation of the materials
properties and accident environment data. Related probability models will
also be incorporated from the work of Anno and Schoutens (ref, 52).

Radiological Consequences and Hazards

Safety problems associated with a radioisotope heater are much less
difficult than those associated with the larger radioisotope electrical power
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source, This is due to the smaller inventory, lower temperature, and design
simplicity of the heaters,

The heaters and the power source both experience the same sequence of
events in use and therefore could be exposed to the same accident conditions,
The use of either will involve fabrication, testing, transport, prelaunch
handling, launch, orbital operation, and postmission disposal.  The conse-
quences of a mishap in these stages is entirely different for the heater and
the power source.

A 50-W heater contains about 1,47 K Ci of 238py compared to the SNAP
9A inventory of 16,2 K Ci and the SNAP 27 inventory of 45 K Ci, Thus, in
the unlikely event of a major release, the power sources would be 10 to 30
times more hazardous. Even so, the inventory difference is much less im-
portant than the difference in operating temperatures,

A radioisotope power source must operate at temperatures in excess of
1000°F if electricity is to be generated with reasonable efficiency, Generally,
the operating temperature is limited by material capability; consequently,
melting is the immediate consequence of loss of coolant, The reference
heaters, on the other hand, operate atlow temperatures. Most applications
are below 150°F, A 50-W heater in 100°F air, with no cooling system, will
reach a temperature of only 370°F. At this temperature, fuel vapor pressure
is negligible. It follows that a heater can experience serious accidents with-
out a major release of radioactive material.

Design simplicity also minimizes hazards from a radioisotope heater.
The containing structures and ablation protection are integral parts of the
heater, The structure can provide the small amount of shielding needed;
design compromise to allow for integration of a cooling and/or power conver-
sion system is not required,

The heaters are designed for at least a 10 half-life fuel containment,
Pm heaters can be expected to last considerably longer (probably an order of
magnitude). At the end of 10 half-lives, inventories of 50-W Pm and Pu
heaters are 121 and 1,44 Ci respectively. At 20 half-lives, inventorieg are
reduced to 0. 117 and 0.0014 Ci--an insignificant value.

Loss of thermal power with age is an additional consideration, After
normal deployment (5 to 10 years), the Pu heater will still produce nearly its
initial heat. However, the Pm heater output will be substantially reduced,
Reduction of thermal power reduces air and soil burial temperatures approxi-
mately in proportion to power loss, Thus, after 2 half-lives, temperature
falls to near ambient., Corrosion rates for the capsule at ambient air and
soil conditions are negligible,

Release to the upper atmosphere. - It is conceivable, but highly improb-
able, that a series of events could destroy the reentry protection, and the
heater could be subjected to upper atmosphere dispersal. Although this
eventuality must be considered, it can be shown that such a release does not
constitute a significant hazard.
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Analysis of reentry burnup and dispersion of the radioisotope is normally
considered in several ways: (1) high-altitude burnup (250 000 ft) resulting in
particles of less than about 10 diameter, (2) high-altitude burnup resulting
in particles greater than about 10 ¢, and (3) partial burnup resulting in low-

altitude dispersal of particles as well as reentry of intact or nearly intact
heaters.

Radicdisotope material reduced to particulate form by aerodynamic
forces are transported to the earth's surface by atmospheric processes and
gravity. Large, dense particles fall out quickly, but even light, gaseous
material reach the biosphere. Both large-particle (local) and small-particle
(worldwide) fallout are considered.

Small particle fallout: For burnup of a 50-W heater, the peak Ci/m3
concentrations during release to the mesosphere (approximately 200 000 ft)
are C_ = 8,2 x 10-18 (238Pu) or 7 x 10-16 (147Pm). To the lower polar
stratosphere (30 000 to 80 000 ft), Cp, = 1.5 x 10-16 (238Pu) or1.25 x 10-14
(147Pm),

The maximum permissible Ci/m3 concentrations for continuous exposure
of éaopulations* are MPCP = 2 x 10-14 (soluble 238Pu), 3 x 10-13 (insoluble
23 Pu), 3 x 10-10 (solub?e 147}7‘m), and 1 x 10-9 (insoluble 147Pm),

Thus, maximum concentrations from a 50-W release are below the per-
missible values by factors of C,/MPCP = 0.007 (soluble 238Pu) or 4 x 10-5
(soluble !147Pm). The analysis leading to the above conclusions is presented
in appendix H, '

Large-particle fallout: Much less conclusive results can be drawn re-
garding large particle fallout because (1) existing data are inadequate to
rigorously calculate fallout from high altitude, and (2) for large particles,
the hazard results from potential angle particle radiation exposure and/or
through the ecological chain,

Large-particle fallout will be more localized; in fact, the limiting sever-
ity (i.e. highest possible dose) is given in the following discussion concerning
maximum credible land and water releases. In general, a small fraction of
the earth surface would be involved. Doses to individuals would not be injuri-
ous--in all but exceptional cases, less than MPD,

Release in a launch abort--the maximum credible accident. - The most
severe accident associated with use of radioisotope heaters would be a large
release of radioactive material due to a launch abort, The heater will be
designed to survive such a conflagration. Nevertheless, because the proba-
bility cannot be reduced to zero, the consequences warrant consideration,

The effects of instantaneous forced release of 50 W of 147Pm and 238py
to air is shown in figure 39. Simple release could not produce these effects

* Based on the 1959 ICRP recommendations; in each case, the nonoccupational
MPC, is higher by a factor of 3.
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Figure 39. Maximum Credible Accident, 50-W Pu and Pm Heaters

because a large amount of energy is required to vaporize or atomize the

fuel, It has been shown (ref. 53) that 40%, 6%, and 0, 5% of bare PuO, micro-
spheres may volatilize if exposed to the Saturn V fireball at 0, 5, and 10 sec
respectively after launch pad abort initiation. However, PuO, and Pm,0g3

cermets release less than 1072% fuel inventory when exposed to the entire
fireball.

Weather conditions have significant effects on downwind airborne radio-
activity., Type B wind (3m/sec, unstable) conditions are used in hazards
analysis as typical; Type F (lm/sec, thermal inversion) are improbable
conditions which represent a worst case. Thus, the solid curves read on the
left ordinate (1% release) represent a credible but highly improbable accident.
The dashed curves are given for information but cannot be correlated with a
realistic accident probability, The right-hand ordinate is applicable only to
238Pu02 bare microspheres or 147Pm203 powder fuel forms, assuming total
fuel inventory volatilization at the instant of abort initiation. Additional con-
servative assumptions include no credit for vertical dispersion and 100%
retention of radioactive material that enters the respiratory system. On the
basis of the 1% release model, it can be concluded that dose rates exterior
to the controlled areas are within tolerable limits,
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Note that point and volume release curves are given, Fireball release
will be represented by fireball volume dilution. The point release case
represents the maximum concentration release and would be typical in any
ground accident (not necessarily from a launch abort) where the fuel is quickly
vaporized but not dispersed by the vaporizing medium. Further results,
including the effect of fireball rise and various other wind conditions, and the
analytical approach used in this ground release analysis are given in
appendix I,

Fresh water contamination. - A heater could fall into fresh water. In
the Unijted States, fresh-water lakes, reservoirs, and rivers cover some
4 x 104 sq miles (about 1% of the total area).

Hazard studies to date have concentrated on reservoir contamination
because the path to man is shortest in this case. In the United States (for
which data are available), one-half of the fresh water area consists of reser-

voirs, where the term ''reservoir' includes man-made lakes such as Lake
Mead.

Especially in large communities, reservoir systems are complex, The
initial source is generally a large, open, impounding reservoir, From this
source, the water is transferred to smaller reservoirs as ''raw' water at a
water-treatment plant, After filtering and chlorinization, the water is stored
in closed tanks to prevent contamination prior to entering the distribution
mains in the municipality.

The delay time and the cleanup actions can greatly reduce doses from
reservoir contaminants. These factors usually are not taken into account in
safety studies because they are different for each reservoir complex.

A 50-W heater contains enough radioactive material to contaminate about
1.6 x 1011 gal (147Pm) or 8 x 1010 gal (238Pu), As shown in figure 40, the
probability is only 4 x 10~4 that a capsule landing in the United States would
hit a drinking water reservoir no larger than this,

USNRDL data (ref., 54) indicates that about 1,2 x 10‘4% per day of a
promethia sample may go into solution in sea water., For a 50-W heater,
this is 0,15 Ci/day or 55 Ci/year. This will contaminate approximately
7.5x 10° gal to MPC,. As indicated by figure 41, the probability of impact-
ing in a reservoir which contains less than 107 gal is vanishingly small.
Since the turnover rate in reservoirs is relatively high, the probabilit¥ of a
reservoir's being contaminated to MPC,y, levels by a heater, either 147Pm
or Pu, is quite small.

Ocean water contamination., - Sea water contamination is an inherently
complex problem because it can take many forms, and involves an elaborate
and little understood ecological system.,

Intact heaters in the ocean constitute no hazard; corrosion rates are so
low that containment integrity will be maintained indefinitely. The heaters
will probably withstand pressures of the greatest depths, and even in the

82



69-334
-2

10

\ _—ALL PURPOSES
104 /}\\

DRINKING

WATER

. N

CUMULATIVE FRACTION OF LAND AREA OCCUPIED BY

RESERVOIRS OF CAPACITY NOR LESS

13 12

10 10 °

10" 1010 10
RESERVOIR CAPACITY N (GAL)

Figure 40. Cumulative Fraction of Land Area in the United States Occupied by Open-Type
Reservoirs of Capacity N or Less

69-335

10 \

; AN

10 \

\238Pu
10

147Pm

10

DISTANCE FROM RELEASE (METERS)
N

N
; AN

1073 102 1071 1 10 2

10 10

FRACTION OF ANNUAL PERMISSIBLE EXPOSURE

Figure 41. Exposure from b0-W Release to Sea Water



event of release, the fuel would create little or no hazard because there is
little exchange between the ocean's layers.

If a damaged or faulty capsule were dropped into the ocean, the radio-
active material would be released quite slowly because the fuel forms are
relatively insoluble., The low rate of release greatly reduces potential
hazards. ‘

Radioisotopic fuel could be released to sea water much more rapidly if
the heater were damaged by reentry forces, and if ablation of the fuel created
large particles. But even these particles would be dispersed over a large
area which would effectively reduce hazards,

While release to sea water could occur only slowly and/or over a wide
area, it is instructive to consider the potential consequences of a rapid
release in a small volume. Even in this extreme and improbable case, the
hazard is acceptably small. A concentration in sea water is not related in
any direct way to dose to humans. The maximum permissible concentration
in sea water is obtained by assuming that all protein in the diet of the people
of interest consists of seafood which has fully concentrated the radioactive
material, Using these assumptions, exposure for 1 year at MPCg corre-
sponds to 15 rem to the gastrointestinal tract or 30 rem to the bone, the
respective critical organs for 147pm and 238Pu, Denoting these values as
Sgréergency integrated Ci-sec/m?3 e3xposures, TIDgy = 2 Ci-sec/m3 for

Pu, and TIDg, = 600 Ci-sec/m? for 147Pm.

In these terms, integrated exposures to 100% release from a 50-W
heater, based on a diffusion velocity of 0.01 m/sec and a 75-meter mixin%
depth, is TID;/TIDg; = 200/R for 238Pu, and TIDz/TIDg, = 60/R for 147Pm,
This is illustrated in figure 41, It is evident that high integrated exposures
can exist only in a small area, The basis of these results are given in
appendix J.

Actually, the sea water contamination problem is less serious than these
calculations suggest, First, full biological concentration of these radioiso-
topes, a factor of 103, cannot occur instantaneously because this requires
several steps in the food chain. Second, higher concentrations are associated
with the fish at shallow depths that normally feed over a large area compared
to the area of high concentration. Further, humans who live largely on sea-
food do not confine their attention to such small areas, Thus, it can be con-
cluded that release to the open ocean will not result in overexposures.

Data in figure 41 can be modified to consider surface concentration from
breached, deeply submerged capsules. Assuming no vertical mixing limit,
hemispherical dispersion, and instantaneous total release of the isotope
inventory, the deépth at which surface concentration would be 102 MPC is
11 500 £t for Pu238 and 5200 ft for Pm147,



HEATER MATERIALS SELECTION

The radioisotope heater for use in space vehicles is a heterogeneous
combination of materials that provide maximum operating performance and
safety., The materials must be compatible under all environments and tem-
perature conditions encountered during the complete mission profile from
launch to reentry, impact, and possible burial, '

In this section, candidate materials are discussed along with the rationale
used in the final selection.

Radioisotope Fuels

Several radioisotope fuels that have been investigated as potential heat
sources are shown in table 18, Of these, 147Pm and 238pPy were selected for
the reference heater designs primarily because, together, they cover the
required mission times of from 14 days to 5 years; their cermet fuel forms
are inherently safe; their emitted radiations can be easily shielded; and they
are readily available, Cobalt 60, while available, requires very heavy shield-
ing and is not suitable for small sources; ?0Sr has been used in several land-
based applications, but, due to its energetic beta decay which results in
penetrating bremsstrahlung, heavy shielding is required which eliminates it
from consideration for a small heat source. Rubidium also requires heavy
shielding and is not readily available. Cesium has a relatively short half-
life and requires heavy shielding, Thulium suffers on two counts: it has a
relatively short half-life and requires moderate shielding. Polonium has
been proposed for space applications because of its high power density. But
the main difficulty with polonium is the high vapor pressure of its compounds,
which makes them quite unstable. Polonium also has a relatively short half-
life, Curium -242 has a very high power density, but like 210po it has a
relatively short half-life, Curium-244 is being considered as a possible
supplement to 238Pu as it has a moderate power density and half-life but at
the present time it is not readily available and requires considerably more
shielding than does 238Pu. Tritium (3H) and thulium-171 have also been
suggested as potential heat sources. However, SH has no stable high-
temperature fuel form and 1717m suffers from the contaminant, 1 Tm,
which requires moderate shielding.

The '47'Pm and 238Puy fuel forms chosen for detailed analysis based on
half-life, shielding, impact, availability, cost, compatibility, and state of
development, were the 47Pm20 -W cermet, 238PU.O microspheres (plasma-
fired or sol-gel), and 23 PuO, cermet. Final selection will depend on the
mission time requirement and the fuel form state of the art at time of
fabrication,

238Pu and 14"Pm have stable high-temperature fuel forms which have
been extensively studied with regard to fuel immobilization, vapor pressure,
impact characteristics, and release to the biosphere.
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The best fuel form identified for missions of over 2 years' duration is the
238Pqu-Mo cermet. It is currently under development at the Battelle Memo-
rial Institute (refs. 56 and 57). This fuel form promises more radioisotope
immobilization than other available or potentially available Pu forms for
credible abort environments. The next-best potential fuel form is the PuO,-
ZrQO, solid solution under development at the IL.os Alamos Scientific Laboratory
(refs. 58 through 61). It has been fabricated and subjected to limited testing.
More testing is required to fully qualify its performance. PuO, microspheres
are the only plutonia fuel form presently available, fully qualified, and thus,
suitable for immediate use in radioisotope heaters, All three Pu fuel forms
are satisfactory; the advanced fuel forms only provide a higher degree of fuel
immobilization in the event of capsule breach,

For missions of 2 years or less, the 147Pm20 -W cermet is recom-
mended, This fuel is highly desirable from the standpoint of safety, and there
is no helium generation; thus, design for pressure containment is not required.
The fuel decays fast enough to eliminate long term hazards from loss of en-
capsulation., Biologically, it is considerably less hazardous than most other
radioisotopes.

DWDL has developed Pm;0;-W cermet technology to the point where fab-
rication of small sources (=10 W) is within the state of the art. No technical
limitation is expected for fabrication of 50-W and larger sizes. The cermet
has demonstrated impact superiority over bare microspheres and a hot-
pressed ceramic compact (ref, 62 ). In addition to basic resistance to frag-
mentation, the cermet provides microencapsulation of the fuel, which prevents
excessive exposure of 47Pm203 to the biosphere in the improbable event of
a breach in the structural shell, Table 19 presents a comparison of prome-
thia and plutonia fuel forms.

An interesting point is that, from the data shown in table 19, it appears
that the power density of plutonia fuels is approximately double that of prome-
thia., However, because of the requirement to maintain a void-to-fuel ratio
approximately equal to one, actual power densities for plutonia fuels
are nearly the same as for promethia fuel, Thus, fuel capsules of plutonia
and promethia can be made interchangeable within the structure container.

Primary Containment Vessel

Arc-cast tantalum has been chosen for the primary containment vessel
(the layer that immediately surrounds the radioisotope fuel) over other
refractory metals and superalloys because of its high melting point, ready
availability in many shapes, ease of fabrication (particularly TIG welding),
and compatibility. The only function of the primary containment vessel is to
allow handling outside of radiation control gloveboxes and/or hot cells, This
will allow subsequent assembly procedures to be accomplished more
economically,
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TABLE 19

FUEL FORM COMPARISON

238
147 238 238 PuO; bare
Pm203-20v/o PuOZ-ZOV/o PuOj3-20m/o microspheres
W cermet Mo cermet ZrO, solid (62. 5%packing
solution fraction)
Power
density 1.4 W/cc 3.66 W/cc 3.5 W/cc 2.86 W/cc
Specific
gravity
fuel form 9.13 g/cc 10.12 g/cc 9.65 g/cc 6.31 g/cc
Helium No He; Not known; Estimated to Estimated 5%
release B -emitter est.less than be similar to to 20% at
solid solution microspheres 2100 °F for
or microspheres 5 min.
Impact Excellent Excellent Poor Poor
resistance results with
W matrix
Half-life 2.62 yr 87.4 yr 87.4 yr 87.4 yr

Superalloys such as L605 (HS25), Inconel X750, and Hastelloy X are
actually more difficult to fabricate than tantalum. Other refractory metals
and alloys were considered, but none were as ductile when welded, as readily
formed, and as readily available as pure tantalum.

Energy Absorbent Layer

Tantalum foam was selected as the shock absorbent material around the

primary containment capsule,

from impact.

Structural Container - Pressure Vessel

However, other material such as Ta wool may
be considerably less expensive and just as adequate for shock attenuation.
This material provides void spaces for helium retention and absorbs energy

23 8PuO

2

Physical properties of candidate materials for the heater structure con-

tainer are presented in table 20,

T-111 was selected for this component

because the elevated-temperature strength of T-111 is comparable to T-222
and Ta-10W, and its ductility is greater than Ta-10W, Lower initial cost,
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greater ease of fabrication, and comparative availability also make T-111 a
logical choice over T-222., The high-temperature strength of T-111 is
superior to Ta. The following additional rationale was used for selection
of T-111.

1. The peak temperature (2100°F) reached during reentry comes within
200°F of the melting point of Co and Ni superalloys such as L605 (HZ25) and
Hastelloy X.

2. The material must have high energy absorption characteristics;
i,e. thearea under its stress strain curve should be large and its modulus
of elasticity should be moderate, Refractory alloys T-111 and T-222 and
W-Re are superior to Mo and Nb alloys. '

3. The material must be compatible with other components of the heater
and not force serious com%romise in cost or performance of adjacent com-
ts (i i 38p d Taf
ponents (inner container, uO,, an a foam).

4. The material must be available; readily weldable, preferably by
TIG techniques (although EB welding is possible); ductile in the as-welded
condition; and not prohibitively expensive.

5. The thicknesses of T-111 selected for the Pu heaters, 0,060 in. for
~the 10-W and 0. 120 in, for the 50-W, are dictated by the 20-year orbital life
' temperature/pressure requirements,

Structural Container for Pm203

The same rationale used to select T-111 for the structural PuO, con-
tainer applies for Pm,O; heaters except that the shell thickness is determined
by shielding requirements--not temperature/pressure history considerations.
Analysis indicates that thicknesses in either case are about the same. A
high-Z atomic weight material is superior to a material with low Z for radia-
tion shielding, Molybdenum and niobium alloys are not as effective radiation
shields as the W and Ta alloys. All superalloys have relatively low attenuation
efficiencies. For shielding, the Pm 10-W heater with a 0. 060 in. -thick T-111
structural shell will keep the dose rate within 5 mr/hr at 1 m. For the
same requirements, 0,63 in. of Hastelloy-X is needed, Hastelloy-X heater
weight would be 4,059 1b compared to 1,011 for the 10-W heater with a T-111
shell, For the 50-W heater, the structural shell thicknesses are 0.120 in,
for T-111, and 1.13 in, for Hastelloy-X; and the corresponding weights are
3.410 1b and 16,68 1b respectively., Consequently, for purposes of standard-
ization, the thickness of the T-111 structural container is identical for both
PuO, and Pm,03 heaters of the same power level. The fact that reentry and
impact requirements are comparable for either heater is additional support
for this design selection,

The shielding and thermal requirements for the structure container

virtually rule out the use of superalloys unless excessive thicknesses are
used and/or the thermal insulation is significantly thickened.
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Oxidation Barrier

Platinum was selected as the oxidation/corrosion-resistant layer because
of its excellent resistance to sea water corrosion and oxidation, and because
of its high melting point. Pt, Ir, Rh, Co, Ni, their alloys, and the refractory
borides were considered. The best oxidation barrier and resistant to general
corrosion is Ir; however, Pt is also excellent, and far more available and
economical than Ir., Table 21 lists the properties of these materials. TiB,
and HfB, show promise and should be considered further,

TiB, and HfB), would prevent diffusion of carbon from the insulation layer
into the Ta, thereby preventing embrittlement by carburization, Cobalt,
nickel, and their alloys are of questionable value because of their low melting
points and interaction with carbon.

Thermal Insulation Layer

Pyrolytic graphite was chosen for thermal insulation because of its very
favorable values of thermal conductivity in both "a' and ''¢c'' directions. The
low value of thermal conductivity in the '"c¢'" direction inhibits heat flow into
the capsule structure. The relatively high value of thermal conductivity in
the '"a' direction helps produce uniform heating for capsule reentry orienta-
tions such as end-on and side-on nonspinning. Chemical vapor deposition
(CVD) techniques will be used for forming the pyrolytic graphite.

Other materials and techniques for the insulation layer are being investi-
gated at DWDL under Independent Research and Development programs. One
program is investigating thornel fibre-reinforced pyrolytic graphite and
expanded pyrolytic graphite. Another program is developing techniques for
integrating the ablator with the insulation and structural container using
graphite ceramic composite materials.

Ablator Material

POCO graphite is considered the prime candidate for ablative reentry
protection., MDAC has found this material to have high survival capability at
heating rates considerably above those predicted for the radioisotope heaters
undergoing a 90° lunar return trajectory. Physical and thermal data are
presented in table 22 and figures 42 and 43.

A carbon-fiber-reinforced phenolic charring ablator material (Narmco
4028) was investigated analytically, First indications are that the reentry
thermal protection provided is good; however, long term degradation of
phenolic ablators at normal operating temperatures up to 400° to 500°F may
be serious. In addition, reliable and reproducible performance data are
scarce,

Reinforced pyrolytic graphite was considered as a combination ablator/

insulator, However, this material varies somewhat from one batch to
another and reliable thermal performance data are not available.
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TABLE 22

POCO GRAPHITE PROPERTY DATA VS TEMPERATURE

Grade AXF-50Q

75°F 1500°F 3000°F
Density range (gms/cm3) 1.80 - 1.88 N/A N/A
Tensile strength (psi) 10 000 11 000 12 000
Compressive strength (psi) 20 000 N/A N/A
Flexural strength (psi) 10 500 10 900 12 300
Modulus of elasticity 1.68 1. 84 2.08
(psi x 106)
Strain to failure 0. 95 0.90 1. 00
(% elongation)
Poisson's ratio 0.15 0.18 0.22
Hardness (Rockwell B) 120 N/A N/A
Thermal conductivity 65 28 17
(Btu/ft-hr-°F)
Coefficient of thermal expansion 4.8 4,3 4.9
(in. /in. /°F x 10~-0)
Specific heat (Btu/lb-°F) 0. 20 0. 42 0. 50
Purity (average total 200 N/A N/A
ash-ppm)

Under an MDAC Independent Research and Development program, physical
and thermal property data for graphite-ceramic composites such as HfB; -
WSi; - C are being compiled. Preliminary thermal protection test results,
while encouraging, are inconclusive,.

Kinetics of Helium Release from the Plutonia Fuel Structure

It is generally known that, under certain conditions, not all of the helium
produced by @ decay is released from the plutonium fuel structure, Helium
release rates are dependent on such variables as temperature, pressure,
temperature history, pressure history, size, and surface roughness of the
fuel form. However, total release has been assumed for safety and design
calculations presented here because of the present lack of reliable experi~
mental substantiation for less conservative assumptions,
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At DWDL, an approximate mathematical model was developed which is
qualitatively similar to those being developed by investigators in this field
and which employs empirical constants chosen to produce agreement with
unpublished microsphere data obtained from C. J. Northup, Jr. of Sandia
Corporation. This model was produced in order to anticipate whether less
than 100% helium release could result for the time-temperature values
encountered during reentry heating., If such were the case, this would con-
stitute an additional safety margin in the pressure vessel design, When
helium release becomes better understood, the thickness of the pressure
vessel walls could be reduced and a weight reduction achieved.

Figure 44 presents a rough guideline for helium release estimates,
Helium release times are given as a function of temperature. At normal
operating temperatures for most applications (<400°F), there is, essentially,
complete helium retention, For the time-temperature coordinates corre-
sponding to reentry of the capsules, the guideline indicates that considerably
less than 100% helium release would occur. For a period of 200 to 300 sec
at 2000° to 2100°F (as during an earth orbital decay trajectory) the model
indicates that less than 25% of the available He would be released from the
microsphere-fuel structure,
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Figure 44. Helium Release from Plutonia
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Bibliography

Considerablé data and references are available in the literature concern-
ing candidate materials for heater designs. Typical sources are given in
the bibliography at the end of this report.

THERMAL CONTROL OF ALSEP MISSION COMPONENTS

At the request of NASA/MSC, the Solar Power Subsystem (SPS) designed
by the Bendix Corporation (ref. 8 ) was reviewed. Preliminary designs of
thermal control systems have been prepared for the central station and battery
packages which utilize the reference heater designs developed under this
contract, and a controllable heat pipe developed independently by DWDL. The
SPS was originally designed as a backup to the SNAP-27, Radioisotope
Thermoelectric Generator (RTG) of the Apollo Lunar Surface Experiments
Package (ALSEP).

System Requirements

Thermal control of the ALSEP central station and battery packages must
meet the following mission requirements:

1. Compatibility during preflight storage of up to 2 years.

2. Compatibility with handling, mounting, and storage envelopes
imposed by the Apollo lunar module.

3. No interfering electrical or magnetic fields.
4. Compatibility with launch and translunar flight requirements.
5. Capability of maintaining the equipment package within specific

temperature limits for 1 year on the lunar surface.

With these requirements in mind, a design study was conducted; DWDL
heat pipe technology was applied in conjunction with radioisotope heater
capability to meet specific thermal control requirements of each equipment
package as well as the mission requirements. Results show that small radio-
isotope heaters with self -regulating heat pipe/radiators will meet the require-
ments without the use of sensitive second-surface mirror-type radiators.

Battery Thermal Control

In addition to the general mission requirements, the following data were
applied to the battery thermal control mechanisms:

1. Battery temperature limits: 40° to 100°F.

2. Electrical heat input: 3.0 W daytime (battery and charge controller),
1.9 W night (battery and converter).
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3. Lunar surface temperature limits: +250°F daytime, -300°F night.
4. Multilayer insulation bag:

-4 _Btu
Kepg = 4-38 x 10 " 7m/% - (3)

The following requirements, developed during the analysis, will be
discussed later in this report:

5.  White paint radiator: o= 0.2, ¢= 0.9 (Z93 Apollo coating).

2

6. Radiator area: 83 in with 93% fin effectiveness.

7. Maximum radiator temperature: 90°F.
8. Heat pipe: 3/8 in. OD x 0.016-in. -wall stainless steel.

Design description. - The wide temperature swing of the lunar environ-
ment and the need to dissipate the largest electrical heat load during the day
require that the thermal control system be a variable heat rejection device.
Sufficient heat must also be supplied to compensate for heat leaks through the
multilayer insulation structure of the package for minimum lunar temperature
conditions.

Small radioisotope heaters in combination with a self-regulating heat pipe/
radiator will perform the required functions without moving parts or electrical
power consumption.

The self-regulating heat pipe/radiator is a special adaptation of the heat
pipe principle for thermal control purposes. Heat pipes are capable of trans-
porting considerable heat with only a small temperature drop. When inert
gas is included in an operating heat pipe, the gas and vapor of the working
fluid separate into two distinct regions. The region of the working vapor is an
active heat pipe and is nearly isothermal. The region of the inert gas is
thermally inactive, and heat is transferred by conduction along the tube. With
a thin-wall, low-conductivity tube, a large temperature gradient can be sus-
tained in the inactive section with only a small heat leak.

As a variable thermal conductance device, the self-regulating heat pipe
provides a conductance or turndown ratio of several thousand. For example,
thermal conductance along the wall of a stainless steel heat pipe is on the
order of 1 x 10-3 W/°C in the inert gas region. In the region of the working
vapor, a conductance of 10 W/°C can easily be attained. Thus, the turndown
ratio is 10/10-3 = 10 000/1.

By proper design of the self-regulating heat pipe, the length of the active
(isothermal) region will vary with the temperature of the evaporator (heat
input region) of the heat pipe. This is depicted in figure 45.
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Figure 45. Schematic of Self-Regulating Heat Pipe/Radiator

For minimum heat input, the inert-gas vapor interface is at point A, and
the heat leak to the radiator is by conduction along the tube wall. With inter-~
mediate heat input, the heat input region temperature increases slightly and
the inert-gas vapor interface moves to B and activates some radiator surface.
For maximum heat rejection, the interface moves to C; the entire radiator is
active and is held nearly isothermal with the heat input region by heat pipe
action. Movement of the interface results from the large change of vapor
pressure of the working fluid with relatively small changes in fluid temper-
ature. As vapor pressure increases, the inert gas is compressed to a small
volume and the active radiator area increases to attain a new thermal equilibrium

The self-regulating heat pipe/radiator as applied to the battery package
is shown in figure 46. The heat pipe is formed into a Z shape with the lower
bar attached to the battery heat transfer plate and the upper bar attached to the
radiator. The gas interface is near the lower bar during lunar night but moves
up into the radiator region as the battery warms during the day and heat
rejection is necessary. A small reservoir on the upper bar of the "Z"
receives the inert gas when the radiator is in full operation. The center leg
of the "Z'" necessarily results in a penetration of the insulation bag, but the
size of the penetration and heat leak is small compared to other variable-
conductance devices,

Analysis of the thermal control system involves solving a night heat
balance to find the minimum heating required to compensate for leaks; a day
heat balance to determine radiator size or maximum allowable heating; and
a heat pipe design to determine the proper inert gas volume.

Lunar night operation. - The following heat balance must be satisfied for
the lunar night condition:

+Q

Qiso’cope batt. & conv. Qbag leak 0o

H.P. leak (4)

This equation is solved to find the required radioisotope heating to make up
for losses.
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The insulation bag leak was calculated for a bag thermal conductivity of

K= pBx1.75x 10-2 Btu/hr ft °F. With B= 25, the bag thickness is 0. 67 in.
and the bag area is 4.95 ft2.

_ KAAT

Qbag leak = AX

= 13.16 Btu/hr = 3.85 W (5)

"Open circuit' conductance, or heat leak along the heat pipe, was calculated

to be 0.15 W. Heat input from battery and converter at night was given as
1.9 W.

Minimum radioisotope heating to maintain the battery pack at 40°F or
warmer would be:

isotope = 385+ 0-15-1.9= 2.1 W. (6)

The heat pipe leak contributes only a small fraction of the heat leak.

(—-Z ég) (100) = 3.75% (7)

Therefore, isotope heating requirements are governed by the efficiency of
the multilayer insulation bag.

Lunar day operation. - The daytime heat balance, solved for lunar noon
conditions, would be:

Qisotope (max) ~ Qradiated B Qabsorbed —Qbatt; B Qleak in (8)
& charger

This heat balance gives the maximum allowable radioisotope heat which could
be accommodated by the radiator system.

The heat leak through the insulation bag was calculated to be 1.5 W
using the same K and pvalues as for night, AT of 250°-100°F, and an area of
4.36 sq ft (the radiator surface was excluded). Heat absorbed by the 83-sq-in.
radiator is calculated to be 13. 84 W.

If a 10°F drop from the battery to the radiator is allowed, the radiator
can dissipate 22. 04 W.

The battery and charger will generate 3.0 W of heat. Solving for the
maximum radioisotope heat,

. = 22.04 - 13.84 -1.5-3.0=3.7TW (9)
isotope (max)

This shows that the 83-sq-in. radiator can dissipate the required heat load

at lunar noon with up to 3.7 W of radioisotope heating. The radiator, which

is a white paint coating on 0. 050-in. -thick aluminum, was sized somewhat
arbitrarily to stay within the perimeter of the battery package's upper surface.

100



The above calculations indicate a minimum (2.1 W) and maximum (3.7 W)
of isotope heat which would be compatible with the self -regulating heat pipe/
radiator and the allowed temperature range of the battery pack. Any amount
of radioisotope heat within this range could be selected to compensate for
different insulation-bag properties or degradation, different radiator area or
surface conditions, or decay of radioisotope. For example, a 3.7-W 147pm
heater would decay to 2.8 W after 1 year. It would fall within the day/ight
heat requirements at the beginning and end of the I-year mission and still
leave 33% margin for uncertainties in the insulation bag values.

Self-regulating heat pipe design. - The inert gas reservoir is sized by
using the ideal gas law and the vapor pressure curve for the working fluid.
The reservoir volume must be capable of holding all the inert gas when the
radiator is fully operative (as during lunar day). Pressure on the inert gas
is then equal to the vapor pressure of the working fluid at 100°F, maximum
battery temperature. The inert gas temperature is about equal to the radiator
temperature, or 90°F. When the battery cools, the inert gas interface must
move down near the battery. Then the pressure is equal to the vapor pres-
sure at 40°F and the gas temperature is intermediate between the cold
radiator temperature and the 40 °F battery.

Equations have been developed at DWDL for relating these gas volumes
and properly sizing the reservoir. Using methyl alcohol as the working fluid,
a volume of 1.34 in.3 would be adequate. An undersize reservoir would allow
the battery to fall below the 40 °F limit before the inert gas interface moves to
the heat input region. Providing a reservoir which is slightly larger than
calculated provides closer temperature control over a given power input range.
This is illustrated by data from an early laboratory-model self-regulating or
controllable heat pipe as shown in figure 47.

Flight-qualified heat pipes using ammonia as the working fluid and helium
as the inert gas have been delivered by DWDL for use on the NASA/GSFC
ATS-E satellite. The heat pipes equalize and control the temperature around
the periphery of the solar-cell mounting panels. Thermal-vacuum acceptance
tests showed that the heat pipes performed according to predictions; the
satellite with working heat pipes is scheduled for launch in mid-1969. Other
heat pipes have been flown on satellites, one in April 1967 as a zero-g oper-
ation demonstration, and another with two heat pipes performing electronics
compartment thermal equalization. Three laboratory demonstrations of self-
regulating heat pipes have been designed and conducted at DWDL. This
technology is ready for application to thermal control problems, and proce-
dures for producing flight-qualified hardware are presently available.

Meeting other mission requirements. - The capatibility of the self-
regulating heat pipe/radiator to meet launch and translunar flight requirements
should not differ significantly from the results found for the thermal control
design using the Surveyor-type bimetallic thermal switch described in the
Bendix Corporation Report BSR-2228 (ref. 8 ). The heat pipe will function
properly in the zero-g environment and maintain thermal control if the
radiator is allowed to function.
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Figure 47. Laboratory Data for Self-Regulating Heat Pipe

Life tests of ammonia-helium-aluminum heat pipes have shown no ther-
mal performance degradation when operated at over 3-year equivalent
orbital heat loads. Other fluid-container combinations can be selected to
meet specific requirements such as the low thermal conductance of the present
design. The 2-year storage life of the heat pipe would not constitute a

problem; the radiator surface could be fitted with protective covers during
storage.

The heater would be installed in the battery package a relatively short
time prior to launch operations. During the interim period, natural con-
vection air-cooling of the radiator would maintain the battery at about 20°F
above ambient air temperature. Orientation of the heat pipe/radiator would
be controlled during this time so that capillary pumping action of the heat
pipe would not have to overcome a large gravity head.

Central Station Thermal Control

The central station electronics are to be controlled to the following
conditions:

1. Electronics temperature limits: +30° to 120 °F. Note that his is
more stringent than the -22° to +148°F given in BSR-2228 by the Bendix
Corporation (ref. 8 ).
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2. Electrical heat generation: 33 W, day;0 W, night.
3. Lunar surface temperature limits: +250°F, day; -300°F, night.
4, Multilayer insulation bag:

Keff = 4.38 x 10—4 Btu/hr ft °F (thickness = 0. 67 in.) (10)

5. Maximum radiator temperature: 110°F.

6. White paint radiator surface:a= 0.2, €= 0.9.

7. No sunshields.

8. Radiator area: 2.7 ft2 with 93% fin effectiveness.

9. Two heat pipes: 3/8 in. OD x 0. 016-in. -wall stainless steel.

Design description. - The variable heat-rejection requirements for the
central station electronics will be met by using self-regulating heat pipe/
radiators and supplying the minimum heat requirements to meet heat leaks by
a radioisotope heater. Figure 48 depicts this arrangement. To obtain a high
radiator-fin effectiveness without excessive heat-pipe bending, two heat pipes
are utilized. Each heat pipe will serve one-half the radiator surface. The
heat pipes will be attached to the radiator and to the electronics mounting
plate which will act as a transfer path for heat removal. A cup attached to
the mounting plate receives the radioisotope heater, and an insulating cap
reduces direct heat loss from the heater. Insertion of the heater will be an
astronaut function. The mounting structure will be designed to carry the
heater outside the lunar module during translunar flight and to minimize the
heater temperature during this time.

Thermal analysis involves the same three steps as for the battery pack-
age: (1) find the minimum heat to make up night losses, (2) find the maximum
allowable heat within reasonable radiation constraints, and (3} determine the
inert-gas reservoir requirements of the heat pipes. The analysis indicates
that the temperatures of the electronics package can be controlled within much
tighter limits than either the baseline Bendix ALSEP design using mechanically
decoupled radicisotope heaters, or the alternate design using the passive
heater with a second surface-mirror-type radiator. In addition, radioisotope
heat requirements are lower.

Lunar night operation. - At night, the radioisotope must supply heat
equal to the insulation bag and "open circuit' heat pipe leak:

=Q Q

+
Qi.so’cope bag leak H.P. leak (11)

With the heat pipe inoperative at night, the radiator will be very cold and the
effective central station surface area will be 13. 0 ft& Calculation of the
insulation bag leak yields 9. 88 W. This is for -300°F on the central station
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surfaces. The radiator temperature will be about the same. For two heat
pipes with 10. 5-in. adiabatic lengths, the heat pipe leak becomes 0.22 W. The
isotope heater requirement is then

isotope - 9.88 + 0.22=10.10W (12)

and the heat pipe leak is

(10(1))0.(?.022) - 2. 29, (13)

of the total heat loss.

The reason that the heating requirement is low--compared to the Bendix
alternate design which used a passive heater--is that the radiator is thermally
uncoupled from the radioisotope and electronics at night.

Lunar day operation. - The radiator could be sized to fit the heat dissi-
pation requirements during daytime while using the 10. 10-W heater. A more
flexible design results by choosing a suitable radiator size to fit on the top of
the central station equipment package, and then calculating the upper limit of
radioisotope and/or electrical power which can be dissipated. Then,

Q Q (14)

isotope (max) - Qradiated _Qabsorbed ““elect “leak in

A 2. 7—f‘c2 radiator will easily fit on top of the central station. For
0.063-in. -thick aluminum and the two heat pipes, a radiator effectiveness of
approximately 0. 93 will result. A white paint coating with = 0.02 and €= 0.9

will be used. The radiator capabilities become

Qabsorbed = 64.8W (15)

If a maximum radiator temperature of 110°F is allowed (this corre-
sponds to a maximum electronic temperature of approximately 120 °F),

Qradiated = 119.4 W (16)

Calculation of the heat leak in through the insulation bag yields Qleak in
= 3.4 W. This is conservatively high because it assumes that the entire
surface of the central station (except the radiator) reaches 250°F (the lunar
surface temperature). By proper coating of the surfaces, this temperature
could be reduced and heat leak-in reduced proportionately.

With electrical power of 33.0 W, the daytime heat balance yields

. = 119.4 - 64.8 - 33.0-3.4=18.2 W (17)
isotope (max)

Thus, an isotope heater in the range 10.1 to 18.2 W would meet the criteria,
and the electronics would be controlled between +30° and +120°F.
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With a 238Pu—fue1ed capsule, decrease in heat output during 1 year would

be negligible. With a 147Pm heater (originally at 18.0 W, for example), the
heat output after 1 year would be about 13.8 W. This is still above the

10. 10-W minimum power required and would allow for 36% uncertainty in the
heat leakage term. No sunshields are required over the white paint radiator
surface.

Heat pipes would be required to handle a maximum of only 51 W, or
about 25 W each. Heat pipes of the size used could easily handle 100 W each
if the radiator area were provided. A 10°F temperature drop has been
allowed between the heat pipe evaporator (heat input) region and the radiator;
this is conservatively high.

The greatest uncertainty of this design is the calculation of heat leaks
through the insulation bag. But the self-regulating heat/radiator provides
the flexibility to accommodate variations or degradation of insulation and still
maintain thermal control.

Self-regulating heat pipe design. - The two heat pipes for the central
station will be similar to the one used for battery thermal control. Thin
stainless steel tubing is used to reduce axial conduction during night
operation.

During daytime operation, the inert gas will be contained by the gas
reservoir at 110°F, the radiator temperature. At night, the gas will expand
to fill the radiator and adiabatic sections of the heat pipe, and will be at an
average temperature of about 200°R (-260°F). By use of the ideal gas
relationship, the inert gas reservoir size can be determined as a function of
the working fluid used.

Meeting other missgion requirements. - The other mission requirements
will be met by the self-regulating heat pipe/radiator. The 2-year storage
life will not be a problem if the radiator coating is protected. The capsule
will be inserted in the central station by the astronaut while on the lunar
surface. Temperature control of the electronics and the heater during trans-
lunar flight will be accomplished by appropriate positioning of these items
within and on the lunar module.

Thermal Control Summary and Weights

The principle parameters involved in the thermal control system design
are presented in table 23. Weights were calculated for the three components
of each system. These weights do not include the multilayer insulation bag
weight or equipment mounting/heat-transfer plates. The insulation bags
should not differ significantly from those described in the Bendix Corporation
design, but the heat transfer mounting plates might decrease in weight
slightly since the heat pipe traverses a longer path for heat collection. Results
show that the battery pack thermal control system would weigh 1. 52 1b, and
the central station system would weigh 5. 02 1b.
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TABLE 23

THERMAL CONTROL SUMMARY

Radiator - (Al sheet with white
surface coating

afe= 0.2/0.9)

Area (fté)
Thickness (in. )
Effectiveness
Thermal dissipation (W, net maximum)
Max temp (°F)
Min temp (°F)
Heat pipes - stainless steel
Number
Size (in.)

Length (in.)

Max heat transport (W)

Max temp (°F)

Min temp (°F)

Reservoir volume (in.3 for methanol)

Radioisotope capsule

Number
Max power (W)
Min power (W)

Diameter (in.)
Length (in.)

Weights (1b)
Radiator
Heat pipes

Isotope heater (plutonium fuel)

Total

Battery

0. 61
0. 050
0.93
8. 2
90
-300

1
0.375-0D x
0.016-wall
28.5
8.2
100
40
1. 34

.913
. 289

N= W
-

Central
station

2.70
0. 063
0.93
54. 6
110
-300

2
0.735-0OD x
0.016-wall
72

27. 3/ pipe
120

30

0. 34

18. 2
10.1

2. 275
2.793

bt N
62 BTN

i :

5.02
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Selection of Radioisotope Heaters

Sizes and power levels of small radioisotope heaters being studied at
DWDL are compatible with the space and power requirements of thermal
control systems for both the battery and central station.

Battery. - The required power level for thermal control of the battery is
a minimum of 2.1 and a maximum of 3.7 W. The 10-W heaters using pro-
methium or plutonium fuel would be appropriate for this application if the
fuel were diluted sufficiently to result in the desired power level. An initial
power level of 3.6 W using promethium would result in an output of 2. 76 W--
well above the minimum--at l1-year mission termination. For a plutonium-
fueled capsule, originally at 3.6 W, the decrease in output over 1 year of
operation would be negligible.

The 10-W cylindrical heaters have the following weights and outer
dimensions:

Fuel Weight Diameter Height
Pm 1.014 1b 2.056 in. 2. 544 in.
Pu 0.740 1b 1.952 in. 2.388 in.

Dilution of Pm,03 by Sm»03 and of PuO by UO, would result in negligible
changes in capsule weights. Outer dimensions of the 10-W capsules are
compatible with the available volume for the heater as shown in figure 46.

Central station. - Thermal control requirements of the central station
indicate a minimum heater output of 10.1 and a maximum of 18.2 W. A 25-W
heater using promethium or plutonium fuel would meet these requirements if
the fuel were suitably diluted by Sm,03 or UO,, respectively. An initial
power level of 18.0 W, using promethium, would result in an output of
13.8 W--well above the 10. 0-W minimum--after 1 year of operation. Power
flattening of plutonium-fueled capsules would be negligible. A 25-W cylindri-
cal heater has the following weights and outer dimensions:

Fuel Weight Diameter Height
Pm 2.04 1b 2.432 in. 3.028 in.
Pu 1.52 1b 2.275 in. 2.793 in.

Fuel dilution would have a negligible effect on capsule weights. The
outer dimensions of the 25-W capsules are compatible with the available
volume for the heater as shown in figure 48.

MANUFACTURING PROCESSES AND QUALITY ASSURANCE

DWDL's current appraisal of activity required to manufacture radio-
isotope heaters is shown in figure 49. Fuel preparation flow diagrams are
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shown in figure 50 for both promethia and plutonia. Manufacture flow dia-
grams for assembly, inspection, and delivery of promethia- or plutonia-
fueled heaters are shown in figure 51. Standard McDonnell Douglas procedures
form the basis for the manufacturing processes and quality assurance plan
discussed below.

Approach

The intent of this plan is to meet the requirements of the Interagency Safety
Evaluation Panel and the Space Council. It is consistent with NASA publica-
tions NPC 200-2 and NPC 250-1 as applicable to the Radioisotope Heater
Development Program to design, develop, test, fabricate, and qualify small
radioisotope heaters for manned spacecraft thermal control applications.

Established McDonnell Douglas Astronautics Company operating policies
and procedures provide guidance, disciplines, and assessments to all phases
of the program--from design through testing and delivery of flight-qualified
products.

Additions and revisions to MDAC policies and procedures are audited for
conformance to this plan; appropriate support is provided to ensure that the
manufacturing and quality level attained is commensurate with contractual
requirements.

Quality Program. ~ DWDL will organize phases II and III of the program
in a manner that assures that quality requirements are determined and satis-
fied in all phases of contract performance. DWDIL will make product changes
as required to enhance heater component performance and reliability at the
earliest possible point in development and fabrication. This plan provides
timely prevention and detection methods, corrective actions, and documen-
tation of all nonconformances. Objective evidence of conformance, including
applicable records of inspections and test results, will be readily available
to the contractor or designated representative.

The DWDL quality assurance and manufacturing policy and objectives are
established by MDAC standard practice bulletins and implemented by standard
practice memoranda. By working with customers, subcontractors, industry,
and the contractor, the highest standards of product quality are developed
and maintained.

Quality Program Plan
Quality Assurance program plans are prepared consistent with the basic
format and requirements of NPC 200-2. These include establishment and

maintenance of an effective quality assurance program from design concept
through delivery.
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Quality Assurance personnel have organizational freedom to identify and
assess quality problems; and the responsibility to recommend and/or initiate
solutions.

A simplified flow chart of the total quality program is shown in figure 52.

Design and Development

Phases II and III will be organized in a manner to provide close coordina-
tion between the various functions at DWDL. Product quality is the prime
consideration in the development of the quality program plan.

Drawing and specification review. -~ The MDAC Engineering Drafting
Manual and drawing release systems ensure that all Development Engineering
documents released for manufacture, processing, or procurement contain
adequate requirements for determining and controlling quality. This control
is applied to completely definitive drawings that provide design, development,
and fabrication direction; to procurement drawings that provide design and
development direction and guidance to vendors and subcontractors, and
establish hardware acceptance criteria; and to specification drawings that
control the procurement and processing of material.

Inspection and test methods. - Inspection methods are established by
Reliability Assurance through a review of Development Engineering drawing
releases. Ior items of DWDL manufacture the inspection methods are docu-
mented on the appropriate Fabrication Outline (FO) or Assembly Outline (AO)
to ensure control of manufacturing processes. For supplier items, the in-
spection methods are documented on Inspection Operation Sheets (IOS) for use
in source or receiving inspection.

All test requirements, except for government or industry standard parts,
are released by Development Engineering.

Qualification testing. - Qualification tests are discussed in the Qualification
Test Plan section of this report. Specific qualification criteria, and number
and quantities of radioisotope capsules and stand-in capsules are included.

Prior to conducting the qualification tests, and following rework, repair,
or disassembly of the test specimen, the hardware is inspected for confor-
mance to Development Engineering drawing requirements, and submitted for
functional acceptance tests. Instrumentation and measurment equipment used
in qualification tests are verified to be within calibration time limits by
Reliability Assurance. Hardware failures occurring during qualification
testing are documented on Failure and Rejection Reports by Reliability
Assurance as requested by Development Engineering.

Formal qualification or acceptance tests demonstrate that the radioisotope
heaters meet established requirements under various combinations of service
environments. The Test Control Drawing {TCD) for the qualification test is
the controlling document and will comply with the tests specified by the Inter-
agency Safety Evaluation Panel. Test environments and test levels for formal
qualification or acceptance do not exceed those for the companion qualification
tests.
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Data submittal requirements for formal qualification tests specify that
drawings, specifications, test plans, TCD's, and procedures are to be sub-
mitted to the customer prior to the scheduled test start date. The tests are
conducted under DWDL direction and control. Tests are witnessed by Reli-
ability Assurance and the technical monitor or his designated representative.

Identification and Traceability

All items (parts. components, or assemblies), both fabricated and
procured, are subject to review by Engineering for identification (serial
numbers, lot code, or date code) and traceability requirements. The final
determination and effectivity of these requirements is subject to review by
the customer or designated representative.

The purpose of identification is to correlate records and documentation
with the associated hardware. Identification is accomplished by application
of a serial number, lot code, or date code to selected parts, components,
subassemblies, and end-items.

The purpose of traceability is to provide the capability to retrieve re-
ceiving, fabrication, assembly, installation, and test records of selected items
of hardware relative to end-item use. Traceability is accomplished by applica-
tion of the serial number, lot code, or date code to selected hardware items,
and generation of continuous records through all applicable phases of procure-
ment, manufacture, end-item installation, and checkout.

Control of DWDL-Procured Material

DWDL is responsible for the adequacy and quality of all procured items
and services unless otherwise directed in writing by the customer. Reliability
Assurance verifies and attests to the conformance to specified Engineering
requirements of all purchased materials and articles.

Selection of procurement sources. ~ The selection of procurement
sources is based upon the supplier's historical records or survey reports.
Reliability Assurance reviews and provides comments on the adequacy of all
procurement sources.

Purchase orders and subcontract documents include basic technical re-
quirements, government source inspection requirements, vendor source
inspection requirements, source inspection statements, subcontractor quality
program requirements, raw materials specifications,; and identification, pre-
servation. and packaging specifications.

Vendor source inspection. - Products are required to be in strict con-
formance to the requirements of the procurement documents. Reliability
Assurance may elect to use the supplier’'s objective evidence in lieu of dup-
licating the inspection effort when validity of such evidence has been verified.
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Receiving inspection. - DWDL receiving inspections ensure that:

1. All articles have been properly qualified in accordance with
requirements of the applicable specifications; are designated for qual-
ification testing, or that omission of specific tests has been justified and
approved by the appropriate Development Engineering Section and recorded
on the Design Review List.

2. All hardware has been inspected by the supplier in accordance with
the purchase order requirements, and satisfactory evidence of inspection
is submitted with each article or subassembly.

3. No apparent damage has occurred in transit. Items not inspected
at the source by DWDIL are inspected and tested upon receipt.

4. Nonconforming material is rejected and submitted to Material
Review (refer to discussion under Nonconforming Materiall. Incomplete
and nonconforming materials are returned to the supplier unless accepted
by Material Review action.

5. Physical separation of raw material and purchased fabricated
articles is accomplished.

Control of Government-Furnished Material

DWDL maintains accountability records of receipt. storage, issuance,
records control, and transfer of all government-furnished material.

Receiving. - Quantity and identity of incoming shipments are verified as
specified on the government shipping documents. Receiving inspections are
made to ensure identity, evidence of government inspection acceptance, pack-
aging and preservation, required documentation, obvious damage, omissions,
and oversights.

Storage. - Material is stored by contract number in bonded storage to
ensure protection and preservation in conformance with sound industrial
practices and applicable contractual requirements. Appropriate storage
inspection is made to assure that quality and storage conditions conform to
specifications.

Nuclear materials control. - Government-furnished radioisotope fuels
(special nuclear and/or byproduct materials) is controlled from receipt
through final assembly according to applicable AEC requirements. Adequate
safeguards are provided under federal regulations, at DWDL's nuclear
facilities. Responsibility for accountability and control of nuclear material
has been established and is maintained by the DWDIL: Nuclear Safety Officer
in accordance with AEC regulations.
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Control of DWDL-Fabricated Articles

Reliability Assurance inspects and tests (or verifies testing of) the pro-
duct for conformance to applicable engineering drawings, test procedures
specifications, and other documents. These inspections and tests ensure that
the reliability inherent in the design is maintained during manufacture of
radioisotope~fueled capsules. Complete records of these inspections and tests
are maintained.

Engineering drawings are sufficiently comprehensive that they can be used
for inspection of the product. Supplementary instructions are test procedures
prepared by Manufacturing Engineering and process directions prepared by
Methods and Materials.

Prior to implementation, Reliability Assurance reviews the planning
of tests and inspections, and generates required Inspection Operation Sheets,
standard parts test specifications, and other instructions as required. Inspec-
tion and test planning commences with manufacturing and extends through
final end-item tests. Review of manufacturing and test planning ensures that
the documents provide adequate inspection points and special documentdtion
records.

Nonconforming Material

Reliability Assurance is responsible for the detection and reporting of
nonconforming materials. Upon detection, all nonconforming material is
promptly removed from the manufacturing system and impounded, if practical,
for disposition and for completion of the Failure and Rejection Report.

The Material Review Board (MRB) is a formal DWDL board established
to determine the disposition of minor nonconforming material and recommend
disposition of major nonconforming material. Members of the board may call
upon other government or MDAC personnel to act in an advisory or consultant
capacity; such personnel will have no vote in board decisions.

Inspection; Measurement, and Test Equipment

Reliability Assurance, in coordination with Manufacturing Engineering,
Facilities, and Engineering Laboratories and Services, provides for selection,
evaluation, approval, maintenance, and control of inspection standards, gauges,
and measuring and test equipment necessary to ensure conformance with
specifications, drawing, and contract requirements. This includes production
tools and automated equipment incorporating an inspection, measuring, or
test function. All equipment is used in an environment and a manner that
ensures continued uniformly accurate measurements. Reliability Assurance
supervises the maintenance of records of recalibration status, condition, and
correction or repair of inspection, measuring and test equipment.
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Inspection Stamps
DWDL s inspection stamp control system includes, but is not limited to:

1. Stamps, decals, seals, and methods of application to identify items
as they undergo in-process inspection, partial inspection, final subassembly
inspection, functional tests, and final end-item inspection.

2. Records that provide traceability of each stamp to the individual
responsible for its use.

3. Affixing of stamps on conforming items, indicating that inspections
have been performed (if this is impractical because of a physical limitation,
or when stamps will compromise quality, they are applied to tags, cards, or
labels and attached to the individual items).

Stamp designs do not resemble Government inspection stamps.

Preservation, Packaging, Handling, Storage, and Shipping

DWDL has current AEC licenses for special nuclear source material and
byproduct materials. These licenses permit possession, processing, transfer,
and shipment of any or all of the licensed materials to any point within the
continental limits of the United States by common carrier in ICC-approved
shipping containers or ICC-Specification containers in compliance with the
regulations. in Title 10, Part 70 of the Code of Federal Regulation and other
applicable government regulations. The AEC has established safety standards
for the packaging of radiocactive and fissile materials {AEC Manual, Chapter
0529) for transportation from facilities not subject to 10 CFR Part 71, and to
establish responsibilities for issuing AEC certificates of approval for such
packages.

Training and Certification of Personnel

Certain specified functions and operations are performed by trained and
certified employes to ensure the integrity of the end-product or to comply
with contractual requirements. Engineering and Manufacturing Engineering
identify affected functions and operations which must be performed by trained
certified employes. Continuous training provides an adequate number of
qualified personnel able to perform in specific critical skill areas. The MDAC
Industrial Training Program provides current training courses that support
Reliability Assurance, Manufacturing, and other groups responsible for pro-
duct quality. Skill levels are verified and expanded concurrent with technology
advances.

Data Reporting and Corrective Action

Procedures and responsibilities are established by DWDL for collection
and analysis of failure and quality data resulting from testing, inspection, and
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use of procured and produced articles. Procedures and assigned respon-
sibilities include effective followup to ensure timely and adequate corrective
action on reported deficiencies throughout the manufacturing and test program
by DWDL and subcontractors. Data are collected and updated by Reliability
Assurance.

Program Documentation and Reporting

DWDL will develop the defined documentation for the Radioisotope Heater
Development Program. Documents requiring customer review and/or approval
are submitted prior to implementation and according to contractual requirements.

Inspection procedures for fabrication, assembly, and test operations are
an integral part of the manufacturing document, and assembly and fabrication
outlines. These documents are reviewed prior to implementation to ensure
adequate coverage by Reliability Assurance. Special inspection procedures
are issued when required.

Test procedures are written by Engineering. Manufacturing Engineering
is responsible for issuing fabrication orders and assembly outlines, as
applicable, for performance of required acceptance tests in accordance with test
procedures.

Manufacturing and operating instructions are controlled through these
activities. Detailed manufacturing documents are updated to reflect the
Engineering Order.

Manufacturing and Inspection Methods

Program management at DWDL assures rigid control of radioisotope
heater manufacture and inspection methods through the use of a variety of
specifications prepared to specific requirements established by the work
authorizations and engineering release system. Specifications are prepared
by Engineering with review and/or contributions from Manufacturing, Reli-
ability Engineering, Purchasing, Safety, Materials, and Research. Where
required, customer review and approval is obtained.
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PROGRAM PLANS AND BUDGETARY COST ESTIMATES

This section discusses the program plan and presents budgetary cost
estimates for accomplishing the final design, hardware development and
fabrication, and inspections and tests necessary to qualify a selected group
of heaters.

The phase I program was structured into tasks covering the major tech-
nical areas of design and safety analysis, materials selection, manufacturing,
and quality assurance. One output of these individual tasks was a detailed
description and statement of the phase Il and phase IlIl work required to suc-
cessfully fabricate and qualify heaters. Phase II will be initiated by perform-
ing a detailed design evaluation based on the phase I reference designs, the
materials selected, and the development test program. The types of tests
are specified and preliminary test conditions defined. Based on this infor-
mation, Manufacturing and Quality Assurance can formulate plans and esti-
mates for fabrication and inspection of the heaters. Similarly, Test Engineer-
ing will determine the requirements for development and qualification test
programs.

Close liaison with the customer concerning definition of the required
safety test program will be necessary in order to prepare for Interagency
Safety Evaluation Panel and Space Council approvals for ultimate flight applica-
tion. Fuel delivery requirements and lead times will be established to ensure
availability of the radioisotopes when needed. Coordination of the planning
activity with the customer will minimize the elapsed time from phase 1 com-
pletion to initiation of the subsequent phases.

Program plans, cost estimates, and program schedules are presented
for a total program consisting of 10- and 50-W reference designs for both
plutonia bare microspheres and promethium cermet fuels. The total program
includes not only safety and design engineering costs but also development and
qualification, facility, materials, and fabrication costs. In addition, optional
programs are presented as alternate methods of approaching the goal of flight-
qualified radioisotope heaters. '

Final Detailed Design and Safety Analysis

During phase II, a final detailed design, based on the reference designs
and data produced in phase I, will be prepared to incorporate changes and re-
commendations specified by the customer and user agencies. Detailed mate-
rials specifications and manufacturing process standards will be prepared for
customer approval as required, and incorporated in the working drawings
together with the requirements for quality assurance.

During manufacture and assembly of representative heater components,
continuous liaison will be maintained with Quality Assurance to maintain
working drawings to represent the "'as-built" condition of the completed heater.
Quality Assurance will be responsible for ensuring that the manufacturing
process and quality assurance plan outlined in the previous section is being
adhered to. :
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The safety analysis initiated during phase I and continued in phase II will
be finalized by completing the following documentation and analyses:

1. Interim revisions of the reference design, accident model, and
safety analysis reports will be prepared. These documents will contain all
analytical and experimental phase Il results.

2. A probabilistic accident model will be formulated which includes
mission constraints as variables. Accident probabilities as well as probable
severity vs mission use will be determined.

3. Requirements of the safety analysis report necessary for flight
safety approval will be outlined.

During the phase I program, a systems approach to the safety and design
analysis problem was developed. This approach, shown in block diagram
form in figure 53, will be continued in the phase Il and phase III programs.
Parallel tests and analyses will be conducted during phase II. This is an
iterative process requiring test results to be constantly reviewed and the
mathematical models and heater designs appropriately modified. This process
will result in a final design that meets the stringent safety criteria and has a
high probability of being safe under all credible conditions and environments.
Finally, this analysis will be completed during phase IIl on the flight-qualified
heaters and will form the basis for the safety analysis report.

Manufacturing Processes and Inspection Techniques

Based on the manufacturing processes and quality assurance plan pre-
viously outlined, detailed manufacturing processes and inspection techniques
will be developed for manufacture of the heaters to minimize leadtimes for
flight-item procurement and manufacture. The basic manufacturing plan will
include the latest proven processes and inspection, quality assurance, and
qualification techniques. Specifications will be prepared to establish and cover
the requirements and procedures involved from initial material procurement
to final assembly and delivery. In-process control will be made for complete
reliability and traceability of parts. Formal documentation and recordkeeping
will be maintained to ensure reproducibility of fully qualified fueled heaters.
Specific objectives will be to:

1. Incorporate phase I results to simplify fabrication and minimize
development costs without altering the functional reliability of the capsules.

2. Design adequate tooling and fixtures for the program.

3. Determine the validity of fabrication and testing procedures.

4. Prepare specifications for materials procurement and fabrication
procedures.

5. Demonstrate the feasibility of manufacturing radioisotope-fueled
capsules of the reference designs to rigid specifications and high-quality
standards.
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6. Evaluate new processes and process modifications for applicability
to fueled capsules.

7. Apply advances in technology to minimize time and cost.

Inspection techniques will be used to ensure reliable flight-type hardware.
Inspections to be performed, and points in the fabrication sequence where
these inspections are required, will be carefully followed. Current techniques
will be reviewed and modified as necessary. New methods of measuring
the required parameters will be developed as needed and incorporated into the
fabrication process. In-process control will be followed for complete reli-
ability and traceability.

Prototype Hardware Development and Development Tests

A detailed plan for development and testing of heater hardware and
prototype heaters has been developed. Each component of a heater will be
tested individually and/or in combination with related components. Develop-
ment testing and design will be an iterative process.

A summary of the development tests identified for phase II is shown in
table 24. The table includes a complete development test program for both
the 10~ and 50-W heaters using promethia and plutonia fuels; it describes the
test objectives, requirements, materials, numbers and sizes of specimens,
equipment, and facilities where the tests can be performed.

It is recognized that because of schedule and/or budget constraints, it may
not be possible to perform all of these tests. The following tests, however,
are considered the minimum required to ensure development of flight-qualified
hardware:

1. Vibration

2. Thermal shock

3. Thermal cycling

4. Dynamic pressure loading and thermal stress

5. Steep-angle reentry heating

6. Gliding reentry heating

7. T.aunch explosion
8. Reentry impact tests (series I)
9. Reentry impact tests (series II)

10. High-~temperature burst
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TABLE 24
SUMMARY OF DEVELOPMENT TESTS FOR PHASE II

SPECIAL
TEST DESCRIPTION F:‘a’:é\g;’;:ss T SEC:;Z@?L;ST REDU.ﬁ:gfsNTS FoR :gﬁ‘,} ABLATOR TEST SPECIMENS FACIITY INSTRUMENTATION
AND/OR EQUIPMENT
K EMISSIVITY OF ABLATOR, YSICAL. T TO ANALYTICAL DROP CALORIMETER
THEAMAL CONDUCTIVITY AND-MECHANICAL COMPILATION AND CGRRELATION WELDED SAMPLES OF HIGH & LOW TEMP
MATERIAL PROFERTIES OF INSULATION MECH- PROPERTIES OF ALL OF EXISTING DATA, SPOT CHECK & NONE NONE EACH COMPONENT owoL DILATOMETER
ANICAL PROPERTIES OF STRUGTURAL LAYERS. BRIDGE MISSING GAPS TO 3600°C MATERIAL THEAMAL
PROTECTIVE SHELL AND FUEL FORMS OR HIGHER COND. MEASURING
]
CORROSION RATE
GORROSION RATE TEST WELDED STRUCTURAL
DATA FOR SEVERAL DATA UNDER STRESS SHELL AND OXIDATION 3-NONE 6TOTAL, 3FOR DWDL OR MDAC RESISTANCE STRAIN
CORROSION TESTS POSSIBLE SHELL 1N SALT SPRAY AND BARRIER FOR SELECTED NONE 3 NerERence OWATT SIZE AND ENVIRONMENTAL GAGES SALT SPRAY
MATERIALS IN BURNING PROPELLANTS PERIODS OF TINE. 3FOR SOWATT SIZE LAB,SANTA MONICA | CHAMBER
SEAWATER.
3
FCT OF DISTANCE - AND' ONE SOWATT HEATER -
RADIATION TESTS AND SHIELDING AGE AND IMPURITIES MENTS AT SELECTED DISTANCES Puo. REFERENCE FOR EACH FUEL FORM pwot. ESCENSE DOSIMETERS
THICKNESS AND AGES. 2
4
EFFECT OF POTENTIAL COMPATIBILITY OF TEST AT STEPPED ELEVATED -
SWELLING AND MATERIALS AND TEMPERATURESIN A VACUUM s NCE SAME.CAPSULES GRAPHITE RESISTANCE
ACCELERATED LIFE TESTS PRESSURE BUILD-UP THERMAL DEGRADA- TO SIMULATE ACTUAL 20-YEAR Fond REFERE AS ABOVE owoL OR INDUCTION HEATING
{ESP. FOR PuO,) TION OF ABLATOR THERMAL HISTORY uO2 FURNACE
5
PERFORM THREE-AXIS RANDOM
VERIFICATION OF CAPSULE AND ABLATOR AND SINUSOIDAL SWEEP TESTS, vo, MDAC ENVIRON-
2 ONE 10WATT AND MENTAL LAB
VIBRATION TESTS INTEGRITY IN LAUNCH AND SHIPPING SCAN FREQUENCY SPECTRUM & MICROSPHERE REFERENCE GNE SOWATT T VIBRAPHOR
ENVIRONMENTS, NOTE RESONANGES STAND-IN A
B
EXTERNAL ABLATOR, SIMULATE GUENCH HEATWITH RF PLASMA TORCH o, RE PLASMA TORCH,
SHELL, AND BOND OF HEATERS FROM TO REENTRY'TEMP. AND QUENCH 2 SAME.CAPSULES g
THE 2
RMAL SHOCK TESTS STRENGTH ON REENTRY A LAUNCH PAD FIRE IN WATER ALSO, QUENCH FROM cRoSmERE REFERENCE AS ABOVE owoL o HEATING
IMPACT IN-WATER. 7O C RYGONIC FUEL 1800°F TO LN,
7
CLADDING AND FROTECTIVE SHELL CYCLE FROM -180 7O 180°C uo.
THERMOCYCLING TESTS BOND INTEGRITY DURING EXTREME FOR 6 MONTHS AT 12 CYCLES MICROSPHERE REFERENGE SAME CAPSULES owoL TUBE FURNACES
MISSION OPERATING TEMPERATURES PER DAY (LUNAR EXTREMES] STANDAN AS ABOVE AND VACUUM PUMP
B
SUBSONIC DRAG COEFFICIENTS FOR TEST IN WIND TUNNEL ALUMINUM :&;"E";ACTA:L:%’;ZMPE
POSSIBLE ABLATOR SHAPES WITH SPECIMENS IN- VARIOUS ORIENTA- ALUMINUM N MDAC AEROPHYSICS STRAIN GAGE
AERODYNAMIC DRAG TESTS ROUNDED CORNERS AT VARIGUS TIONS FOR REYNOLDS NUMEERS NONE SHELL ONE WITH SLIGHTLY ROUNDED | paciLimies BALANCE
ANGLES OF ATTACK FROM 10970 105, CORNERS & ONE WITH LARGE
AOUNDED CORNERS
9
ABUATORNTEGRITY UNDER SIMULT- HOLD SPECIMENS STATIONARY ARNOLD
vo. TWO SG-WATT AND
DYNAMIC PRESSURE LOADING ANEOUS. THERAMAL STRESS AND DYNAMIC AT SELECTED ORIENTATIONS widnosprere 2§EEEE$::NATI ve | WO TW'A‘T G :"\g%w::x;c:g
AND THERMAL STRESS TESTS PRESSURE LOADING CHARACTERISTIC N WIND TUNNEL AT PRESSURES STANDIN FOR EACH ABLATOR MATERIAL DEVELOPMENT COVERAGE
OF STEEP ANGLE REENTRY UPTO 12 ATM, TYPICAL HEATING MATERIAL CENTER
10
THERMOCHEMICAL SUBJECT SPECIMENS T ARNOLD THERMOCOUPLES,
STEEP ANGLE REENTRY ABLATION OF OUTER {ﬁ;g’:ﬁ;ﬁﬂmucm’" HEAT FLUX AND PRESSURE o2 CsPHERE AEFERENCE 2-50WATT, 2. IOWATT FOR ENGINEERING PYROMETRY AND
HEATING TESTS ABLATOR (OXIDATION LEVELS CHARACTERISTIC o EACH ABLATOR MATERIAL DEVELOPMENT MOTION PICTURE
AND SUBLIMATION}. OF 20° LUNAR RETURN CENTER COVERAGE
" TEST SPECIMENS IN ARG
THERMAL CONDUCTION PLASMA FOR REAT'FLUX, U, MDAC/ST.LOUIS
TION OF . 2
Gﬂ:;ﬁfnzﬁf;?;v INTO CAPSULE FOR 35’{-2,1 AB&TOR PRESSURE, AND ENTHALPY MICROSPHERE REFERENCE 9- 10WATT, 6- 50 WATT SAME AS
SEVERAL ORIENTATIONS LEVELS CHARACTERISTIC STAND-tN NASAIAMES. ABOVE
OF LOW ANGLE REENTRY!
” INTEGRITY OF SUBJECT SPECIMENS TO TNT EXPLOSIVE LIGHT GAS
OXIDATION BARRIER SRITY OF DEBRIS FROM TNT uo. TEST FACILITY; GUN FOR
LAUNCH EXPLOSION AND PROTECTIVE SHELL ‘“TfAmR EXPLOSION; IMPACT widhosPHERE REFERENCE 2- 10 WATT, 2-B0WATT MDAC AERQ- CONTROLLED
IN A LAUNCH PAD AB SPECIMENS WITH PARTI- STANDIN PHYSICS LAB IMPACT
EXPLOSION GLES AT KNOWN VELOCITY ELSEGUNDO.
& Ua,
FUEL CONTAINMENT EFFECT OF DIFFERENT iMPACT AT TERMINAL 2 .
REENTRY IMPACT TESTS AT TERMINAL IMPACT SHELL MATERIALS, VELOCITIES ON GRANITE m«;ﬂgﬁ;‘?gens EFERENCE 8- 1OWATT, 10- SOWATT ':::;::E:B ‘é&:“;a%ﬁou
SERIEST VELOCITY SHAPES, AND ANGLES AT REENTRY IMPACT 273 WITH SHAPE VARIATIONS .
CERMET ELSEGUNDO PIGTURE.COVERAGE
OF WPACT TEMPERATURE STANDAN
14
EFFECT OF ABLATOR, U0, CERMET
REENTRY IMPACT TESTS SAME AS ABOVE TEMPERATURE AND ANB Sm.0. pLTERNATE 7-I0WATT, 10 S0WATT SAME AS ABOV! SAME AS ABOV:
€ €
SERIES VELOGITY. SAME AS ABOVE jasy RM;; 3 MATERIAL WITH DIFFERENT ABLATOR
15
EFFECT OF FABRI- U0, AND
“EE';;:L'S"“;ACT TESTS SAME AS ABOVE CATION (WELDS, ETC) SAME AS ABOVE s.":o REFERENCE 4-10WATT, 6- 50 WATT SAME AS ABOVE SAME AS ABOVE
AND VELOCITY. sTénan
® INTEGRITY OF CON- POINT OF FAILURE
TAINMENT UNDER FROM INTERNAL SUBJECT WELDED SHELLS TO 250 WATT SIZE FOR T-ifl TUNGSTEN ELEMENT
HIGH-TEMPERATURE BURST LAUNCH PAD ABORT PRESSURE FOR POS- ENVIRONMENTAL PRESSURE NONE NONE SHELL MATERIAL DWDL JON PUMP VACUUM
AND AEENTRY HEAT- SIBLE SHELL MATE- AND THEN TO POINT OF FAILURE. FURNACE
ING CONDITIONS. ERIALS.
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A somewhat higher risk is involved in this limited test program, but these
risks could be offset by a more conservative design approach.

The interrelationship and sequence of the development tests discussed
in table 24 are shown in figure 54. The rectangular blocks represent the tests
described in the table. This figure shows that some tests can be conducted
independently, while other tests are dependent on the results of a number of
preceding tests.

General., - Certain tests are more closely related to materials and their
environment than to a particular design. These tests, to be initiated early in
phase 1I, are discussed below.

Material properties: One-hour, maximum-~vacuum, creep-rupture tests
will be performed on a refractory alloy pressure vessel to determine its
capability to retain helium. The tests will be performed at temperatures up
to 1320°C (2408°F) at various pressures.

Thermal conductivity of the insulation and ablation materials used will be
measured in vacuum at temperatures to 2500°C (4532°F) where data are not
currently available. Consideration will be given to testing at temperatures
from 2500° to 3000° C (4532° to 5432°F), but this is currently beyond the
limits of existing facilities.

Coefficient of thermal expansion (CTE) measurements will be made on
pressure vessel, insulation, and reentry ablation materials over their temp-
erature range of operation where data are not available.

Heat capacities (Cp) of materials for the capsule will be measured over
their temperature range of operation to establish curves of Cp vs temperature.

Hardware tests.- Other tests outlined below must be performed on complete
heaters, heater shells, heaters with stand-in fuel, etc., to evaluate materials
compatibility. These may be defined as combined environmental tests.

1. High-temperature burst - Two unfueled capsules with a heavy-wall
tube added to one end (to facilitate pressurization} will be placed in an induction
furnace for 10 minutes under specific pressures and at a surface temperature
of 3000°C (5432°F) as measured with an optical pyrometer.

2. Vibration - Heaters, complete in every respect except for fuel, will
be hard-mounted and vibration-tested in three orthogonal axes. The frequency
spectrum will be scanned and any resonances noted. Tests will be run at each
resonance peak for 1 hour.

3. Mechanical shock - Reentry impact tests will be performed as required
on completed stand-in capsules at the three principle axes and one intermediate

angle at temperatures and velocities considered by analysis to be most severe.

Complete stand-in capsules will be subjected to impact from metal particles
to simulate impingement of rocket debris on the capsule.
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4. Thermal shock - For the reentry case, stand-in heaters will be heated
rapidly in the RF plasma torch to maximum reentry surface temperature of
3300°C (5972°F). The heating rate will be reduced to allow the capsule surface
to cool to impact temperature, and the capsule will be water-quenched in a
1060-gal tank of brine.

For the launch pad abort case, specimens will be placed in an air-
atmosphere furnace for 15 minutes at 980°C (1796 °F) (launch-pad fire temp-
erature) and quenched in LN2 to simulate quench from fire temperature by
cryogenic fuel.

5. Reentry heating - Stand-in heaters will be tested in an arc plasma
using gas enthalpy, gas composition, and integrated heat flux computed for
representative trajectories. The trajectories considered will include a
shallow angle { <0.1°); high~integrated heat pulse representing reentry from a
decaying orbit; a superorbital velocity earth-return trajectory (6.25°-90°);
and a high-angle earth reentry representing the worst orbital abort cases {90°).

6. Accelerated life test (compatibility of all materials layers with actual
fuel) - One 10- and one 50-W Pmp0O3 heater, and one 10- and one 50-W PuO;
heater will be held at 1000°C for a specified period of time to simulate an
actual 20-year thermal history of a typical capsule, as determined by analysis.
A time-vs~temperature Arrhenius relationship will be utilized to determine
the time for the accelerated test.

7. Thermal cycling - One 10- and one 50-W heater: using stand-in
fuels, will undergo tests simulating temperature cycling that might occur
on the lunar surface. The heaters will be thermal-cycled between -180° and
+180°C (-292°F and +356°F) at the rate of 12 cycles/day for 6 months.

8. Radiation dosimetry profiles - These will be made for each of the
10- and 50-W Pm,03 and PuO; heaters.

9. Aerodynamic drag - Drag coefficients at several angles of attach will
be determined for selected heater configurations, using aluminum models.

10. Dynamic pressure loading and thermal stress - Ten- and 50-W heaters,
using stand-in fuels, will be subjected to pressures up to 12 atm under typical
thermal conditions. These tests will simulate thermal stresses and dynamic
loads characteristic of steep-angle reentry.

11. Corrosion tests -~ Three capsules for each power level will be tested
in sea water and salt-spray environments at elevated temperatures to simulate
a 10 half-life history for both Pm,03 and PuO, fuel forms. . Capsules, with and
without ablator installed, will be subJected to %urning propellants to evaluate
oxidation barrier protection.

Fabrication of Test Hardware

In accordance with the approved manufacturing program plan, a specified
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number of each size of test capsule will be fabricated. Complete checkout of
fabrication and assembly equipment will be performed. Complete quality
control and documentation encompassing the approved manufacturing processes
and quality assurance program plan will be followed. The manufacture of test
hardware will encompass the same program requirements as flight-type
hardware.

Manufacture of Flight-Type Heaters

Using approved and released material specifications, quality control pro-
cedures, approved engineering drawings, and the results of the development
tests, a representative group of flight-type heaters will be manufactured for
delivery to the customer. Complete checkout of fabrication and assembly
equipment will be performed. Complete quality control and documentation
encompassing the approved Quality Control Program Plan will be followed.
The manufacture of qualified flight-type hardware will entail all program
requirements from delivery and handling of radioactive materials, parts
configuration and control, final assembly and inspections, to delivery of com-
plete certified heaters.

Documentation and Licensing

The contractor will obtain the special permit necessary for shipment of
the heaters; perform the hazards analysis; and complete the license application,
with the conditions defined, to fulfill the requirements of the AEC and State
licensing agencies for a specified number of locations. Consultation necessary
to provide understanding of test conditions will be provided to the agencies.

The following tasks will be performed to implement licensing of the loca-
tions and facilities to handle radioactive materials defined in the contract.
These procedures are identical to those completed by DWDL in obtaining the
license for its nuclear laboratory in Richland, Washington.

1. Work to be performed involving radioactive material will be defined.

2. Location where the work will be performed with radioactive material
including finished heaters will be specified.

3. Facilities and equipment to be used will be defined; how these facilities
and equipment will permit safe handling and control of radioactive materials

will be described.

4. Technical capability and training of perscnnel involved in work with
radiocactive material will be documented.

5. Administrative organization, showing the method of implementing
the radiation control program, will be listed.

6. A hazard analysis will be made for each work site where radioactive
material is to be handled. The site will be examined and its atmospheric con-
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ditions reviewed. A worst credible accident will be postulated and the con-
sequences determined with respect to civilian population and the atmospheric
condition considered most detrimental, yet occurring at the location with
reasonable frequency.

7. Batch size that would release sufficient material to cause maximum
allowable emergency dose to the civilian population at the site boundary will
be calculated.

8. Batch sizes below this quantity will be acceptable, or the facility will
be improved to reduce potential hazard to the public.

9. DProcedures will be provided to control the inventory of radioactive
material and dispersement to the work location to ensure safe handling and
accountability. A radiation control program will be established, including
the necessary procedural control and dose measurement program to ensure
safe working conditions for personnel.

10. A file of all correspondence with licensing agencies will be main-
tained. Response to questions asked by the licensing agency either by tele-
phone or letter will be documented.

Qualification and Acceptance Test Programs

Qualification and acceptance tests will be performed on heaters fabricated
in accordance with the approved manufacturing program described earlier in
this report. A set of qualification tests similar to the development tests pre-
viously outlined has been prepared and is summarized in table 25. The
acceptance tests are described in table 26.

The primary objective of the qualification and acceptance testing program
is to establish design and safety reliability of the final reference heater design
throughout a specified mission profile. Based partly on the results of the
applications study in phase I, environmental conditions common to all or at least
a majority of missions are selected. These conditions include the critical
safety environments of reentry heating, impact, earth or sea water burial,
and vibration and shock which encompass current boosters. Qualification
tests based on these conditions are guided by the preliminary safety analysis.

All temperatures, velocities, chemical environments, etc., are selected
to represent the most severe case for normal operation and credible accident
situations. Except for the accelerated life tests, qualification tests will be
performed on simulated heaters or primary capsules using nonradioactive
UoO, or Sm203 as stand-in materials for 238Pu02 or 147Pm203 respectively.

All tests will be performed using control drawings, specifications,
quality control procedures, and approved manufacturing processes.

Test summary. - A summary of test objectives and requirements for the
qualification and acceptance tests to be performed in phase III is presented
below.
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TABLE 26

ACCEPTANCE TESTS

Test Special
descrip- . Fuel instrum-
tion Objectives {Requirements | form |[Specimens | Facility | tation
1. Radia-| Obtain Measure Thermal
tion dose radiation lumines-
tests rates PuO, All cence
and fueled DWDL |dosimeters
2, Ther- Verify Measure Pmj;03| capsules and calo-
mal power heat gen- rimeters
tests output eration
rate
1. Puncture tests - Tests to demonstrate that the heaters will be invul-

nerable to handling puncture accidents will be based on the ORNL structural
Class III safety requirements (ref. 4) and reference 70,
each power level) will be dropped to impinge at 31 ft/sec upon a 1/8-in, -
diam steel pin with a full radius hardened to RC 65 #5,
nonsymmetric with regard to its major axes, several orientations must be

te sted,

2.

The heaters {one of

If the final design is

Crush tests - One of each power-level heater will be loaded along

its weakest axis at 2000 1b for 1 hour (ORNL Class III requirement). The
capsules will then be examined for failure.
3. Shear tests - One heater for each power level will be loaded in simple

shear at 1000 1b and held for ] hour. Examination for failure will follow; the
permissible shear stress level follows ORNL Class III specifications.

4. Hydrostatic tests - One heater for each power level will be placed in
an autoclave at 10 000 psi and held for 2 weeks. Periodic inspections for de-
formation and/or failure will be made. The pressure level of 10 000 psi
corresponds to an ocean burial depth of about 22 000 ft.

5. Accelerated life tests - One 10- and one 50-W heater for each fuel
form (1 7Pm203 and 238Pu02) will be held in a vacuum at normal peak
operating temperatures long enough to simulate a 20-year operating history.
The capsules will be disassembled, examined, leak-checked, and smear-
checked after an equivalent of 8 years of normal operation. They will then
be reassembled and tested for the remaining lifetime.

6. Vibration tests - One heater for each power level will be hard-
mounted and vibrated in three orthogonal axes. The frequency spectrum will
be scanned and any resonances noted. The vibrations will meet or exceed
the requirements of 12 hours at 0.018 in. double amplitude and 150 cps on
each axis (ref. 70).
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7. Burial tests - Analysis performed to date indicates that, when buried
in soil, the temperature of the primary capsule will be so low that no signifi-
cant corrosion occurs. However, qualification tests will be performed by
placing an electrically heated 10- and 50-W capsule shell in two different soils
of low thermal conductivity, and corrosive characteristics determined over a
3-month period with weekly inspections.

8. Thermal cycling tests - One 10- and one 50-W heater with stand-in
fuel will'be thermalcycled from -180° to +180°C (-292° to +356°F) for 3
months at 12 cycles/day. This test is designed to simulate thermal changes
during operation in lunar extremes.

9. Launch explosion tests - The launch pad abort situation, including
explosive overpressure and flying debris, will be simulated. Two capsules
of each power level will be mounted on an aluminum and titanium structure
of a normal spacecraft panel size and type to produce a debris environment
comparable to a launch abort situation. This dummy system will be attached
under a rocket propellant and a liquid oxygen tank for the test. The tank will
be ruptured and the explosive mixture ignited. The sequence will be filmed
with Fastax motion picture film.

10.  Thermal shock tests - One heater of each power level will be heated
rapidly with an RF plasma torch to 1800°C (3272°F) maximum reentry impact
and launch pad fire temperature, and quenched either in water or liquid
nitrogen. These tests simulate reentry quench in water or launch pad abort
quench in the booster propellant. Sectioning and macrographs of the structure
materials will be made for postmortem analysis.

11. Corrosion tests - One bare capsule for each power level will be tested
in sea water and salt spray environments at elevated temperatures to simulate
a 10 half-life history for both Pm,0, and PuO, fuel forms. FExaminations for
material degradation will be made a% selected Intervals.

12. Impact tests -~ The purpose of these tests is to verify capsule and
ablator integrity during separation shocks, and to verify capsule fuel contain-
ment at reentry impact velocities and temperatures. A total of 30 capsules
will be heated and impacted at various angles on granite. All power levels and
fuel forms will be represented. The tests will be performed using the light-
gas gun at MDAC's Aerophysics Laboratory in El Segundo, California. Motion
picture coverage and post-test analysis will be included.

13. Reentry heating tests - The purpose and requirements of these tests
are to verify:

a. the ablator capability to withstand steep angle reentry thermal
shock combined with mechanical erosion; and simulate -90; lunar return tra-
jectory as closely as possible (peak heat rate ®5000 Btu/ft"-sec, peak stag-
nation point pressure =12 atm, peak enthalpy =26 000 Btu/lb).

b. the ablator capability to withstand thermal chemical ablation in

the worst—c?se trajectory--a shallow angle (-5.2°) lunar return (peak heating
~800 Btu/ft°-sec, integrated heat ~100 000 Btu/ft%).
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c. .the insulation capability of the ablator to prevent point-of-failure
temperatures for the capsule shell and fuel in a worst-case trajectory——earth
orbital decay (peak heating ~250 Btu/ft-sec, integrated heat ~50 000 Btu/ft).

Ten 10-W and ten 50-W heaters will be tested in an electric-arc wind tunnel
at representative flow conditions. Instrumentation will include thermocouples
for internal temperature measurement, optical pyrometers for surface temp-
erature measurement, and motion picture coverage. Weight loss measurement
will be carefully made after the test.

14. Propellant compatibility tests - To verify that the heater materials
are compatible with rocket booster propellants, two heaters will be held in
proximity to a number of fuels for several days, and an inspection made for
signs of corrosion.

15. Acceptance tests - These tests will establish that the capsules meet
accepted power performance and radiation safety levels. All fueled heaters
will be measured with thermal luminescence dosimeters. Radiation levels
must meet accepted standards required by the customer. Also, power genera-
tion of the capsules will be measured with calorimeters to ensure proper design
performance.

Safety Analysis Report

A final safety analysis report will be prepared which will contain all
safety-related results, qualifications, and requirements for use of the selected
radioisotope heaters. The report will provide criteria to establish guidelines
for use of the heaters for a given mission, and will specify in detail the mission-
oriented information required to complete the safety analysis and documenta-
tion for the intended application. An outline of the Preliminary Safety Analysis
Report is presented in the Safety Analysis Report section.

Program Management and Reports

Continued technical and management direction will be given to each task
at the appropriate level of effort. Liaison with the customer program moni-
tors will be maintained. Coordination meetings will be scheduled to review
program status and exchange technical information. Formal briefings will be
held as required to report on program progress.

Reports. - Informal letter reports will be submitted monthly. A draft
of the final report will be submitted at the end of the program, after which
the report will be printed and distributed as directed by the contract.

Monthly progress reports: A monthly letter report will be submitted
within 10 days after the end of each reporting period. These reports will be
brief, informal, and in narrative form; they will include a quantitative des-
cription of overall progress; identification of current problems which may
impede performance; proposed corrective action; and a discussion of work
to be performed during the next reporting period.
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Final report: A final report which documents and summarizes the results
of the contract work will be prepared. Copies of the final draft will be sub-
mitted to the customer for review and approval by the program monitors.

Upon notification of acceptance of the approval copy (nominally assumed to re-
quire 30 days ) reproducibles will be prepared and submitted together with a
required number of copies.

Program Plans and Schedule

Results of this study show that two heater sizes and two types of fuel will
meet the majority of identified applications and mission requirements. Using
these results as guidelines, program elements and options are presented here
for the development of flight- and safety-qualified heaters. This is followed
by a program schedule, milestones, and costs for each of the options.

Recommended program and options. - Program options are presented for
development of safety~ and flight-qualified radioisotope heaters. The pro-
grams are presented in the order recommended.

Option 1: The first option recommends a program for the development,
testmg, and qualification of a set of radioisotope heaters consisting of a 10-W
Pm203 cermet, 3, 10-W Z38Pu02 bare microspheres, a 50-W 1 147 Pm) 04

cermet, and a 50-W 2 PuO, bare microspheres.

Industrial test facilities would be utilized. Plutonia bare microspheres
were chosen over a plutonia cermet because the cermet fuel form will proba-
bly not be available prior to completion of phases II and III.

Option 2: The second option is presented in recognition of the fact that
it may be more advantageous from a budgetary point of view to spread develop-~
ment and qualification work over a longer period of time. The recommended
program under this option would be to first develop the 10-W promethia cermet
heater followed in sequence by a 10-W plutonia heater, a 50-W promethia
heater, and finally a 50-W plutonia heater. Although a complete program, as
outlined in option 1, it would extend over 3 fiscal years (28 months). Industrial
test facilities would be utilized.

Option 3: The third option is identical to option 1, but tests such as
aerodynamic drag, dynamic pressure, thermal stress, steep-angle reentry,
launch explosion, and impact would be performed at Government-furnished
test facilities at Government expense.

Option 4: The fourth option is a minimum-cost version of option 3. That
is, Government test facilities would be utilized, and the minimum develop-
ment test program described previously under Prototype Hardware Develop-
ment and Development Tests would be substituted for the complete test
program.

Options 5, 6, 7, and 8: In these options, a single heater size and single

fuel form would be developed as follows: Option 5 would provide a 10-W
promethia heater; option 6, a 10-W plutonia heater; option 7, a 50-W
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promethia heater, and option 8, a 50-W plutonia heater.
facilities and a minimum development test program would be utilized for

these options

All options would include a complete series of qualification tests.

Program schedule and milestones. - A tentative schedule for phases II

Government test

and III has been prepared for planning and budget purposes, based on DWDL's

current best estimates of the work required to accomplish the program
objectives, (fig. 55). This schedule is based on option 1.

phases Il and III are shown in table 27.

Program option budgetary costs. - Budgetary costs for the options are
presented below, with a brief summary of the items used in determining

these costs.

Costs: 33106
Option 1 1.42
Option 2 1.81
Option 3 1.30
Option 4 1.12
Option 5 0.69
Option 6 0.67
Option 7 0.82
Option 8 0.74
TABLE 27

Milestones for

PHASES 1I AND III PROGRAM MILESTONES

Task

Months after ATP

1. Complete final design

2. Initiate fabrication of test hardware

3. Complete development of test program

4. Complete licensing and documentation

5. Complete fabrication of flight-type hardware
6. Complete fabrication of test hardware

7. Complete qualification test prograrﬁ

8. Complete safety analysis report

9. Complete draft of final report

10

12

15

17

17

18
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Basis for budgetary cost data: The following are major items con-
sidered in determining the above cost data:

1. Option 1

a. Design engineering, labor

b. Manufacturing processes development, labor

c. Fabrication of development and qualification hardware, labor
d. Performance of a complete development test program. These

tests were discussed under Prototype Hardware Development and Develop-
ment Tests.

e. Complete qualification tests as discussed under Qualification
and Acceptance Test Programs.

f. Safety and design analysis, labor

g. Material and hardware requirements, (plutonia bare micro-
spheres and promethia powder to be government furnished).

h. Program management, labor

(All tests to be performed at industrial facilities.)

2. Options 2 through 8

Cost data for these options were formulated by adjusting costs accord-
ing to the program scope of each option.

Engineering labor costs represent about 50% of the total costs, and
material costs about 30%.

SAFETY ANALYSIS REPORT

A primary goal of this program is to develop and qualify radioisotope
heaters so that extensive analysis and documentation efforts are not required
to secure flight approval for each specific mission. This approach is feasible
with regard to safety reporting if the following approach is used: Three
documents, (1) reference design, (2) accident model, and (3) safety analysis
reports will be prepared to include a range of mission profiles for which the
capsules are qualified. A fourth document, mission profile checklist, will be
prepared. Its purpose is to ensure that a specific mission utilizing heaters is
within the qualified mission envelope. NASA mission integrators will com-
plete the checklist for a planned mission. If all items fall in the qualified
range, the integrators can assume flight-safety approval and/or submit the
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completed checklist to the appropriate reviewing authority. If some items do
not fall in the qualification range, these areas are clearly defined and qualifi-
cation can be expeditiously completed and sent to the Interagency Safety
Evaluation Panel and the Space Council for special review.

An outline of the preliminary safety analysis report to be completed
during phase II is presented in table 28. The qualification and flight safety
approval philosophy presented above has been included.

TABLE 28

SAFETY ANALYSIS REPORT OUTLINE

I. Introduction

A. System description {summary)
1. Qualified mission profile envelope-summary
2. Qualified vehicles, systems
3. Normal nuclear system disposition
a. Sea
b. ILand
B. Safety criteria
1. Prelaunch phase
2 Launch Phase
3 Preorbit phase
4. Orbital phase
5 Postorbital phase
a. Escape
b. Reentry envelope

C. Application of probabilistic philosophy to system

I1. Normal mission evaluation

A, Prelaunch handling
1. Radiation protection (shielding, handling)
2. Fire protection
3. Impact prevention
4. Criticality control
B. Flight safety
1. Safety systems
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TABLE 28. - Continued

SAFETY ANALYSIS REPORT OUTLINE

C.

2.
3.

Radiation protection

"Nominal' mission (definition and limits)

Ultimate disposition

1.

Mission duration/ orbital lifetime

(residual nuclear material)

Reentry mode

Reentry history for mission profile envelope

a. Trajectory calculation

(1)
(2)

(3)
(4)

Model(s) used

Satellite input assumptions

(a) Attitude

(b) Stability

(c) Drag coefficient - ballistic parameter

Structure disassembly sequence- effect on trajectory
Analytical results

(a) Velocity wvs altitude

(b) Altitude vs time

b. Heating rates

(1)
(2)
(3)

Model(s) used

Input assumptions

Analytical results

(2) Heating rate vs altitude

(b) Effect on structure - disassembly altitudes
(c) Effect of heat shield

(d) Sensitivity of results to input assumptions

c. Nuclear source behavior

(1)
(2)

Temperature wvs altitude
Disassembly mode
(a) Intact reentry

(b) Dispersed reentry
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TABLE 28. - Continued
SAFETY ANALYSIS REPORT OUTLINE

{3) Test program results
d. Effects of reentered nuclear material
(1) Nature and probability of interactions
(a) Direct radiation (y, n, )
(b) Skin exposure (o, B)
(c) Internal exposure (o, B)
(2) Extent of interactions
(3) Dose distributions ( probable number of exposures
vs dose)
4, Comparison of consequences and safety criteria

D. Summary of normal mission safety

I11. Accident source evaluation

A. General
1. Reference to AMD
2. By phase of operation
B. Summary of nuclear system response to accident-induced

environments

1. Booster propellant conflagration; Saturn IB, Saturn V

and TitanIII M (overpressure and temperature profile)

2. Overtemperature
3. Impact

4. Corrosion

5. Reentry

6. Other

C. Prelaunch accidents
1. Summary tabulation
(a) Nature
(b) Probability

(c) Environment
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TABLE 28. - Continued
SAFETY ANALYSIS REPORT OQUTLINE

2. Analysis and evaluation
(a) Effect of environments on nuclear source
(b) Supporting experimental and analytical data
{(c) Definition of resulting source term
Launch accidents
1. Summmary tabulation
(a2) Nature
(b) Probability
(¢) Environment
2. Analysis and evaluation
Preorbital accidents
1. Summary tabulation
(a) Nature
(b) Probability
(c) Environment
2. Analysis and evaluation
Orbital Phase accidents
1. Summary tabulation

(a) Nature

(b) Probability
(c) Environment
2. Analysis and evaluation
Postorbital accidents
1. Summary tabulation
(a) Nature
(b) Probability
(c) Environment
2. Analysis and evaluation

Summary- tabulation of accident consequences to be

evaluated
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TABLE 28. - Concluded
SAFETY ANALYSIS REPORT OUTLINE

IV. Accident severity

A. Summary of transport and dose models (including probability of
interaction)
1. Atmospheric release ( pad accident, postreentry burial)
(a) Transport/ diffusion models
(b) Inhalation and/or ingestion models
(c) Direct radiation
2 Marine release
3 Reentry (dispersed)
4. Reentry (intact)
5 Applicable biological effects data
B. Prelaunch accidents
1. Consequences
(a) Dose distributions for accident (including dose and
accident probability)
(b) Comparison with safety criteria, injury levels
2. Countermeasures and/or safety systems
Launch accidents
Preorbital accidents
Orbital accidents

Postorbital accidents

omE PO

Other accidents

V. Summary

A. Overall flight consequences

(Severity and dose probability as a function of mission time)
B. Comparison with safety criteria
C. Multiple-flight applications

1. Cumulative consequences (normal)

2. Cumulative failure probabilities ( accident)

3. Cumulative consequences (accident)

VI. References
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CONCLUSIONS AND RECOMMENDATIONS

Results show that the following primary objectives of the phase I study
have been met:

1. Identify potential applications for small (1-to 50-W) radioisotope
heaters in manned spacecraft systems.- The survey of manned spacecraft
and launch vehicles identified more than 37 application areas requiring from
180 to 300 heaters ranging in size from less than 1 to over 100 W. Radio-
isotope heaters would not have been considered for all of these applications,
either because electric heaters would perform just as well, or because of
complexity and/or size. However, many of the identified applications such as
viewports, heat for base thermal requirements, structural cold spots, and
standby fuel cell heat would have seriously considered and quite probably used
radioisotopes heaters if they had been available. The applications presented
in table 1 are, undoubtedly, not complete--even within the manned space-
craft area. Unmanned spacecraft applications were not surveyed; when this
is accomplished, many more applications will be identified.

2. Develop a radioisotope heater design that will meet the selected safety
criteria and have a high probability of being safety and flight-qualified. -
Detailed safety and design analyses of the reference heater designs that have
evolved from this study show that these designs have a high probability of
surviving all mission phases, operations, and environments. The material,
configurations, and fabrication techniques are (or are near) the state of the
art. The reference heater designs presented in this report ensure safe
handling by both experienced and inexperienced personnel, and impose no
special requirement on the on-board astronauts performing their normal duties
on board the spacecraft. The heaters have been designed to present an
insignificant probability of injurious radiation dose as a result of a credible
accident or incorrect handling.

3. Develop an optimum group of radioisotope heaters that will meet the
requirements of a maximum number of applications and mission times of from
14 days to 5 years.- Results of the optimization studies completed for the phase
I study conclude that two heater sizes, 10 and 50 W, using two radioisotope
fuels, promethia and plutonia, will meet the applications and mission require-
ments identified. The results of this analysis indicate that well over 100
applications in the 20- to 25-W range would be required to justify production
of a third heater size. Optimization analyses further show that only a small
weight penalty is incurred by using uniform heaters having the same outer
dimensions for both the promethia and plutonia fuels. All material thicknesses
are the same from the structural shell outward. The weight penalty costs are
small when compared to the additional cost of fabricating and qualifying two
different heater sizes for one power level. Also, an important consideration is
the interchangeability of promethia and plutonia heaters that the uniform size
approach permits, since only one mounting arrangement is required for each
power level.
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4. Develop program plans and budgetary cost estimates for phases II
and III. - Based on the results of phase I, a recommended program plan and
a number of alternative program plans were developed. The recommended
plan outlines a complete program for development, test, fabrication, and
qualification of two heater sizes using two fuel forms. The alternative pro-
grams take into consideration cost and schedule constraints. Any one of the
programs, however, will result in qualified radioisotope heaters.

The ability to utilize decay heat from radioisotopes to maintain space
components within specified temperature limits was determined in the prelimi-
nary design of thermal control systems for ALSEP mission components;
reference heater designs were combined with controllable heat pipes to keep
electronic components on the lunar surface within temperature limits, despite
the large temperature variations from lunar day to lunar night.

This design study has shown that it is entirely feasible to develop a group
of small radioisotope heaters that will meet a large number of manned space-~
craft component applications. Completion of such a development program will
greatly reduce the time between mission requirement identification and ulti-
mate mission qualification.

Also, the availability of flight-qualified radioisotope heaters will enable
systems engineers to consider their use with the same degree of confidence as

they now give electrical heaters. This gives them a degree of flexibility of
design and selection not now available.

Areas Requiring Additional Analyses or Tests

During phase I, many areas were identified where additional analyses
and/or tests are required. Those considered most important are listed
below; these are studies or investigations that must be performed prior to
breezing of the final design:

1. Spot-check confirmation of physical, mechanical, and thermal
properties of the selected heater materials under simulated environmental
conditions.

2. Development-test:

a. Aerodynamic tests on models of the reference designs.
b. High-temperature rupture or burst.
c. Fabricated techniques:

(1) Welding

(2) Forming methods
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(3) Shapes and types
(4) Bonding of material

3. Impact tests and reentry ablation tests to confirm the reference
designs and materials selection.

4. Blast debris probability analysis, design, and test.

In addition, there are analysis and development tests that are not essential
to development of the reference designs, but are desirable for a complete
understanding of the design requirements, and to ensure optimum designs.
Following is a partial list of those analyses or tests that fall into this category:

1. Detailed design and analysis of alternate concepts to determine:
a. Reentry heating and impact condition.
b. Fabrication complexity.
c. Development, qualification, and production costs.

d. Growth and flexibility.
e. Weight and volume.
f. Component and mission integration problems.

2. Aerodynamic tests on alternate concepts.

Recommendations

DWDL recagnizes that of the two radioisotope fuels selected, only
23 8Pu02 bare microspheres has been considered to be a flight-qualified fuel
at the present time. However, DWDL strongly recommends that the
1 Pm;03 cermet fuels be considered for use on missions of up to approxi-
mately 2 years. Promethium should be considered to supplement rather than
replace plutonia. Both fuels should be developed and qualified in improved
fuel forms in order to handle the expected spectrum of uses. Available data
on promethium, although more meager than that on plutonium, indicate that
promethium will be biologically safer than plutonium. Promethium, of course
does not have the helium buildup problem that must be contended with in
plutonium. One to two kW of promethium per year is available from existing
facilities, provided adequate storage facilities are made available to allow for
aging. This would be more than adequate to meet the requirements of thermal
heaters developed under this program.

It has been established that radiocisotope heaters would have been con-

sidered for many space applications had they been available. In fact, the
NASA/MSC requirement for a heater for the ALSEP seismic experimental
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package was firmed up immediately subsequent to the commencement of the
present study. The EASEP heater is being developed by AEC/DID for an
early Apollo mission. The reliability of radioisotope heaters is recognized,
and the ability to design them with a high probability of being safe under all
credible accident conditions and environments has been shown. Therefore,

it is strongly recommended that phases II and III be initiated without undue
delay, and funded at the level required to produce qualified heaters. Any one
of the eight program options discussed under Program Plans and Budgetary
Cost Estimates will result in flight- and safety-qualified radioisotope heaters.
DWDL believes that option 1 would prove most cost-effective and have the
lowest risk factor. But DWDL also recognizes that budget considerations may
require the selection of one of the other options. In any case, the need for
developing a group of small radioisotope heat sources for space component
thermal applications is apparent.
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Appendix A
HEATER DESIGN EVOLUTION

As the phase I study progressed, many heater configurations were con-
sidered. Figures A-1 through A-12 present what are termed baseline designs;
ie. original configurations used in the initial analyses. The reference heater
designs evolved from these. Figure A-13 presents four types of spherical
heater concepts. Table A-1 presents a weight comparison of the baseline and
spherical heater designs.

Figures A-1 through A-6 represent the original baseline designs for 10-
and 50-W heaters using promethia and plutonia cermets, and bare-microsphere
fuels. The designs using plutonia microspheres (figs. A-3 and A-4) had a
void-to-volume ratio of about 1. 2. In order to be consistent with the plutonia
cermet fuels, the heaters were redesigned to have a void-to-volume ratio
equal to about 1. This change is reflected in figures A-7 and A-8.

Since the outer dimensions of the plutonia heaters are quite close, it
appeared advantageous to standardize all heaters of the same power level, ie.
use the same size components from the structure member outward. These
changes are reflected in figures A-9 through A-12.

Spherical radioisotope heaters appeared to be a promising alternative
configuration on the basis of weight, ease of analysis, potential fabrication
techniques, and potential reduction in qualification costs. These designs are
presented in figure A-13.
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(DIMENSIONS {N INCHES)

69-773

\_ 0.25 POCO GRAPHITE
™~ 0.25 PYROLYTIC GRAPHITE

0.020 PLATINUM

\ \ \ OXIDATION BARRIER

—0.060 T-111 STRUCTURAL
‘ CONTAINER

0.020 T-111 CONTAINER

2.504

2.056 0.D. \
T “"‘%ﬂ/‘//’j’“?mz@s - 20 V/O W CERMET

30 V/O Ta FOAM

Figure A-1. 147Pm, 05 Capsule, Model PMC-10-1

(DIMENSIONS IN INCHES)

TOTAL WT: 0.883 LB

69-779

0.373

0.020 PLATINUM
V OXIDATION BARRIER
0.120 T-111 STRUCTURAL
CONTAINER
i
2.770 0.D. | ] 30 V/O Ta FOAM
1.450 ;

0.25 POCO GRAPHITE
0.256 PYROLYTIC GRAPHITE

._—- 0.020 T-111 CONTAINER

147szo3 - 20 V/O W CERMET

3.516

Figure A-2. "47Pm,05 Capsule, Model PMC-50-1
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(DIMENSIONS IN INCHES)

69-774
0.012 Ta FOAM

0.25 POCO GRAPHITE
0.25 PYROLYTIC GRAPHITE

0.020 PLATINUM
OXIDATION BARRIER

0.060 T-111 STRUCTURAL
CONTAINER

0.020 T-111 CONTAINER

62.5 V/0 2*8pu0,, MICROSPHERES

30 V/Q Ta FOAM

0.742

TOTAL WT: 0.598 LB

2.272

Figure A-3. 238pu0, Bare Microspheres, Model PUM-10-1

(DIMENSIONS IN INCHES)

69-781

0.025 Ta FOAM

0.25 POCO GRAPHITE

0.25 PYROLYTIC GRAPHITE

2.530 O0.D.
1.25

0.020 PLATINUM
OXIDATION BARRIER

0.120 T-111 STRUCTURAL
CONTAINER

0.020 T-111 CONTAINER
30 V/O Ta FOAM
238

62.5 V/O Pu0, MICROSPHERES

1.25
3.156

TOTAL WT: 2.01LB

Figure A-4. 238Pu[]z Bare Microspheres, Model PUM-50-1
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0.064 Ta FOAM £9-293

(DIMENSIONS IN INCHES) /

/ 0.25 POCO GRAPHITE
/ 0.25 PYROLYTIC GRAPHITE
0.020 PLATINUM
OXIDATION BARRIER
1.8130.D. / / 0.020 T-111 CONTAINER
0.753 0.244 0.624 —> 0.060 T-111 STRUCTURAL

CONTAINER
\ . % - 30 V/O Ta FOAM

S

i

™ 2%8pu0,, - 20 V/O Mo CERMET

TOTAL WT: 0.633 LB.

0.753

2.289

Figure A-5. 238Pqu Cermet, Model PUC-10-1

69-296
(DIMENSIONS IN INCHES) 0,080 J;a FORM
/ 0.25 POCO GRAPHITE
/ 0.25 PYROLYTIC GRAPHITE
/ ~ 0.020 PLATINUM
OXIDATION BARRIER

Lz

N\

\

0.120 T-111 STRUCTURAL
CONTAINER

2,550 0.D. / /

1.27 0.398

0.020 T-111 CONTAINER
30 V/O Ta FOAM

/ 23840, * 20 V/O Mo CERMET
//?/////////
TOTAL WT: 2.18 LB

1.27
3.186

—
&

Figure A-6. 238Pu02 Cermet, Model PUC-50-1
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69-297
(DIMENSIONS IN INCHES)

A

0.25 POCO GRAPHITE

, 0.25 PYROLYTIC GRAPHITE
// 0.020 PLATINUM

OXIDATION BARRIER
0.060 T-111 STRUCTURAL
1.878 0.D. CONTAINER
0.718 - 678
7 0.180: a7 0.020 T-111 CONTAINER
30 V/O Ta FOAM
s 238
— 62.5 V/0 28pu0,, MICROSPHERES

0.718

TOTAL WT: 0.569 LB

2,238

Figure A-7. 238Pu02 Bare Microspheres, Model PUM-10-2

69-208
(DIMENSIONS IN INCHES)

0.25 POCO GRAPHITE
0.25 PYROLYTIC GRAPHITE
// ) 0.020 PLATINUM

OXIDATION BARRIER

_—0.120 T-111 STRUCTURAL
2.480 0.D. CONTAINER

0.300 ] 1.160 0.020 T-111 CONTAINER

30 V/O Ta FOAM
S
L 238
62.5'V/0 P002 MICROSPHERES

N~

1.20

TOTALWT: 1.87LB

3.080

Figure A-8. 238Pu02 Bare Microspheres, Model PUM-50-2
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69-299

0.116 Ta FOAM
(DIMENSIONS IN INCHES) /

0.25 POCO GRAPHITE
0.25 PYROLYTIC GRAPHITE
//f 0.020 PLATINUM

OXIDATION BARRIER

0.060T-111 STRUCTURAL

2.056 0.D. CONTAINER

0.896
0.020 T-111 CONTAINER

30 V/O Ta FOAM

I 238

Pu0O, - 20 V/O Mo CERMET

fe—— 0.896 ——— 3]

TOTAL WT: 0.831 LB

2,504

Figure A-9. 238Pu02 Cermet, Model PUC-10-2

69-300
(DIMENSIONS IN INCHES)

0.25 POCO GRAPHITE
0.25 PYROLYTIC GRAPHITE
// 0.020 PLATINUM

W\\\\\\\\\\\\\\\ OXIDATION BARRIER
0.120 T-111 STRUCTURAL
CONTAINER

—— 0.190 Ta FOAM

0.020 T-111 CONTAINER
30 V/O Ta FOAM
238

2.7700.D.

1.490

PuO2 *20 V/O Mo CERMET

1.490

TOTALWT: 2.891L8B

3.516

Figure A-10. 238Pu02 Cermet, Model PUC-50-2
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0.089 Ta FOAM 69-301
(DIMENSIONS IN INCHES) /

/ 0.25 POCO GRAPHITE
// // 0.25 PYROLYTIC GRAPHITE
ya 0.020 PLATINUM
\‘W\W\ \ OXIDATION BARRIER
2.056 0.D. \ } __—— 0.060 T-111 STRUCTURAL
§ \ CONTAINER
0.896 N
0.224 \< «—— 0.678 — &
N 7 ] 0.020 T-111 CONTAINER
\\ . 30 V/O TaFOAM
| N \W\\\\\\\\\\\\)&\%\ ) —— 62:5 v/0 2pu0,, MICROSPHERES
0.896 ' TOTAL WT: 0.810 LB
2.504
Figure A-11. Z38py0,, Microspheres, Model PUM-10-3
69-302
0.145 Ta FOAM
(DIMENSIONS IN INCHES) /
0.25 POCO GRAPHITE
0.25 PYROLYTIC GRAPHITE
/ﬁ 0.020 PLATINUM
_ OXIDATION BARRIER
] \
5 728 LT, 0120 T-111 STRUCTURAL
CONTAINER
1.490
0.373

—— 0.020 T-111 CONTAINER

I~ 30 V/O Ta FOAM

N
\\\ —~ 62.5 V/0 238py0 MICROSPHERES

T 8
B 1.490 OTAL WT: 2.78 LB

3.516 >

Figure A-12. 238Py0, Microspheres, Model PUM-50-3
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PUC-10-1S

0.20IN. Ta
0.060 IN. T-111
0.020 IN. Pt

0.020 iN. Pt

Pm CERMET

0.060 IN. T-111

0.020 IN. Ta

PUC-10-1S

69-303

0.060 IN. T-111
0.020 IN. Pt

0.020 IN. Ta

PUC-10-28

Pu CERMET
Pu
>
A
O‘V
ZA

MICRO-
SPHERES

0.060 IN. T-ilt
0.020 IN. PT.

Figure A-13. Spherical Heaters

Ta FOAM

0.020IN. Ta

GRAPHITE

PUM-10-1S

* C—POCO & PYROLYTIC



TABLE A-1

HEATER WEIGHT COMPARISON

Heater concept

Weight (1b)

PMC-10-1 0. 883
PMC-50-1 3.11
PUM-10-1 0. 598
PUM-50-1 2.01
PUC-10-1 0. 632
PUC-50-1 2. 18
PUM-10-2 0. 569
PUM-50-2 1. 87
PUC-10-2 0. 831
PUC-50-2 2. 89
PUM-10-3 0.810
PUM-50-3 2.78
PMC-10-1S 0. 750
PUC-10-15 0. 597
PUM-10-1S 0. 525 °
PUC-10-2S -
PMC-50-1S(not shown) 2. 56

PUC-50-1S(not shown) 2. 086







Appendix B
DRAG COEFFICIENT SUMMARY

A study was made of the drag coefficients for the different proposed
design shapes in the various flow regimes encountered during reentry. The
basic shapes considered were:

1. Flat-faced cylinder (reference and alternate C designs)
2. Rounded-end cylinder (alternate D design)

3. Sphere (alternate E)

4. Cube (alternate A)

5. Rectangular parallelepiped (alternate B)

Flat-Faced Cylinder and Rounded-End Cylinder

There are four basic flight orientations for a cylindrical shape: side-on
(axis normal to flow), end-on (axis in the direction of flow), random tumbling,
and end-over-end tumbling (in a piane parallel to flow).

The probable mode of reentry is the side-on or broadside orientation. It
is this orientation which is usually used in reentry analyses of cylindrical
designs. It is shown in reference 71 that side-on spinning results in a
slightly higher but representative surface heating among tumbling modes
which affects uniform surface heating.

In hypersonic flow, the drag in the high-altitude free molecule flow is
higher than the drag in continuum flow. Figure B-1 shows the variation of the
drag coefficient for a cylinder side-on in rarefied flow plotted as a function
of molecular speed ratio, s (where s = v, /,/ZRT00 ). Until recently, it was
thought that this curve approached 2.0 as s—w, since most bluff shapes have
a Cp of about 2.0 at high-speed ratios in free-molecule flow (ref. 72).

Recent measurements by Maslach and Shaaf (ref. 73), Maslach et al. (ref.74)
and Coudeville et al, (ref. 75), indicate that free-molecule drag at
high-speed ratios (or Mach numbers) is higher than 2. 0--probably around 2. 8.
This is shown by the data correlation in figure B-2. For all bluff shapes, the
free-molecule drag becomes constant for hypersonic flow (M>5 or s>4) and"
does not decrease further as s—+w». The trend of the data in figure B-2
appears to bear this out.

The side-on drag variation in the transition regime has been investigated
by Maslach and Shaaf (ref. 73) and Maslach et al. (ref. 74), The results

187



69-304

12
0 i SPECULAR REFLECTION
= = = == DIFFUSE REFLECTION

- o —— ~ —— DIFFUSE REFLECTION, s =5
= \ EXPERIMENTAL POINTS
z 8 (OHELIUM
5 \\ [INITROGEN
'
'8
w
o}
O 6
U]
<
o
]

4

m. -‘---h-—-—-
- \--
2

0 0.5 1.0 15 2.0 25 3.0 35 4.0
MOLECULAR SPEED RATIO, s

Figure B-1. Comparison of Drag Coefficient of Cylinder for Specular and Diffuse Reflection
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for Mach 6 and 10 are correlated in figure B-3. These data indicate that
Cp =2.8 in free-molecule flow and that Cp=1. 5 in continuum flow at values of
Knudsen number around 0. 01.

These data may be accurately described by the equation,

_ 2.8 -1.5 [ (loglo kn + 0.36)}
CD = 1.5 +< > ) 1+ erf 0.8 (B-1)

This equation is solved by the RESTORE computer code along the
trajectory. The numerical constants must be input.

The value of Cpy calculated as kn—0. 01 is higher than predicted by
Newtonian theory (1.5 compared to 1. 3) for continuum flow. Measurements
of crossflow drag in transonic flow indicate agreement with theory at the
highest Mach numbers measured (ref. 76). For the side-on cylinder
calculations, a transition from Cp = 1.5 at Mach 18 to Cp = 1. 25 at Mach 16
was assumed since in this range the Knudsen number drops from 0. 01 to the
curve for a cylinder with L./D = 1. 25 shown in figure B-4 for 0<M<16. This
curve is a composite fit to the data given in references 76 and 77. Note
that the L./D ratio has a strong effect for Mach numbers below 5. In hyper-
sonic flow, no L/D effect is evident.

Around M = 0. 5, Reynolds numbers effects become important for diame-
ters on the order of 2 or 3 in. These effects have been thoroughly investi-
gated for an infinite cylinder, perhaps best of all in references 77 and 78
(see also ref. 76). Basically, when Re exceeds 2 x 10°, the flow which at
low Re tends to separate from the body at around 90° from the stagnation
point, will follow the body contour around to the aft end, thereby increasing
the base pressure. This is a marked characteristic of a rounded body; a
sharp-cornered body will separate the flow even at high Re.

When the velocity of a cylinder (side-on) exceeds about M = 0.4, how-
ever, the drag again rises sharply to the value given in figure B-4. This
indicates that for 0=sM=0.4, CD should be a function of Re alone; above a
Mach number of 0.4, the drag should be a function of M alone. Consequently,
a tabular approximation of the indicated curve in figure B-4 was used in the
reentry analysis for 0. 5sM=16. Below M = 0.4, a tabular approximation to
the indicated curve in figure B-5 was used. For 0.4<M<0.5, a transition
between the two tables is made.

Figure B-5 was constructed from data presented in Hoerner (ref. 76),
and references 77, 78, and 79. The sharp drop in drag at Re = 3 x 105
is evident. Also, the strong dependence in the L/D ratio at low Re is seen
by comparing the curves for L/D =w and L/D = 1. 25, No measurements have
been made at high Re for cylinders with end effects (low L/D ratios), so that
a dependence on L/D at high Re is uncertain. The range of data for an infinite
cylinder at high Re is indicated by the shaded band in figure B-5. The lower
bound of this band is used in the present calculations, since the values can be
expected to be lower for L/D = 1. 25. For the 2- to 3-jn. diam heaters, the
condition at impact corresponds to the point Re=b x 10” and Cpy = 0.25, The
2 o confidence limit on this value is taken to be 0. 10, since this ranges to the
upper bound on data for the infinite cylinder and to the lower bound on data for
a sphere.
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For an end-on cylinder, the drag is no better defined than for side-on.
Modified Newtonian theory assumes that the flow lines in hypersonic flow
follow the contour of the body. For a flat-ended cylinder, the pressure
would then be uniform over the face and the predicted drag would be

Coe=2- po/p  (ref. 76) (B-2)

where P9/P is the density ratio across a normal shock. A comparison of
theory and experiment (ref, 80) is shown in figure B-6 for end-on cylinders
of varying bluntness. Note that theory becomes inaccurate for flat-nosed
bodies. An independent measurement (ref. 81) for flat-faced cylinders at
Mach numbers up to 14 indicated that the drag is about 0.91 times the theoreti-
cal value, in good agreement with the data in figure B-6. Consequently, the
drag for a flat-faced cylinder is taken in the present study to be

CD=Z—1.6P—F§?’ (B—3)

which is the theoretical equation normalized to fit the experimental data and
to meet the boundary condition that CD = 2 as Po/p—0 in free-molecule flow.

For a cylinder with rounded ends, the drag approaches that for a sphere
as the hemispherical shape is approached. For the elliptical ends of the
alternate D design, the drag is taken to be that for a spherical segment with
a radius of twice the cylinder radius (bluntness ratio XB/RpB of 0.5). Thus,
values of 2.0 in free-molecule flow and about 1. 2 (fig B-6) in continuum
flow were assumed. Variation of drag in the transition regime is assumed
to follow the equation form for a sphere or hemisphere discussed below.

In transonic flow, the drag for a flat-faced cylinder end-on is given in
Hoerner (ref. 76) and in Marks Handbook (ref. 82). The results are
shown in figure B-4, for an L/D of 1. 25. The results have been modified
in the present study to account for ablation at the edges and on the face.
The major portion of ablation occurs just after peak heating, since the
oxygen flux to the surface peaks at that time. This corresponds to the time
when the body decelerates and the Mach number drops rapidly. Therefore,
the above equation is used until M = 16, just below which the drag drops to
1.2 corresponding to a blunt, convex shape (or elliptical ends). At about
Mach 1, the drag is assumed to drop smoothly to about 0. 7£0. 2. At high
Re and below M = 4, the drag for the rounded-end alternate D is assumed
to drop to about 0. 25%0. 10 for the same reason as for the side-on cylinder.
The flat-ended cylinder, however, will have an ablated, rounded front-face
for end-on but the aft edges will still be sharp. Therefore, there should be
little or no change with Re in the range 105 to 106 for the reference and
alternate C designs.

These drag coefficients are based on the actual frontal area of the parti-
cular orientation. If the cylinder is tumbling, the drag coefficient is a linear
combination of the side-on and end-on drag coefficients according to the
equations

Ag + 0.25 (C A (B-4)

D)S D)E E

CDAS = 0. 589 (C
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for random tumbling, and
CDAS = 0.4244 [(CD)SAS + (CD)EAE] (ref. (B-5)

for end-over-end tumbling. Subscript E pertains to end-on, and S to side-on.

Sphere

The drag coefficient of a sphere is relatively well defined (ref. 74), In
hypersonic flow, the data, primarily from Masson, Morris, and Bloxsom
(ref. 83) have been correlated at Atomics International by the equation

G =0.92+ 1.08 exp (- £2L0 (B-6)
D : P70 kn” -

which is used in the present study. Note that, according to this equation,
Cp = 2.0 in free-molecule flow and = 0. 92 in continuum flow (kn—-0).

The curve presented in figure B-4 is used in transonic flow (ref. 76).
At M<O0. 8, the curve of Cpy vs Re is used where the mean value in the data
band is selected at the appropriate value of Re. This point is found to be
Cp=0.15%0.05 at Re = 10°.

Cube or Rectangular Parallelepiped

The only drag data in transonic flow pertinent to a cubic shape appears
to be that given in Hoerner (ref. 76) for a tumbling (at random) cube. The
resulting curve is shown in figure B-4, where drag is based on the flat-face
area. Some modifications were made in the present study to account for
ablation at the edges by lowering this curve to meet the conditions Cp = 1.2
for 2=M=15, and Cp = 1. 0 for M<2.

Above M = 15, drag is assumed to rise to 1.8 at M = 16. Above M = 16,
drag is assumed to follow the same relationship as for an end-on, flat-faced
cylinder. Judging from the data for an infinitely long block with a square
cross-section ( ref. 78), this should be the same drag variation as for
the cube oriented with the flat face normal to flow. Therefore, trajectory
calculations for the cube may be considered appropriate for the two most
likely orientations--random tumbling and fiat-face first. Edge-on will
result in a higher drag coefficient (based on frontal area) in subsonic flow
(refer.78).

Data given for an infinitely long block with rectangular cross-section
in reference 78 indicate that the drag of the alternate B design could be
measurably lower if the capsule orients small face first. No quantitative
data for the actual shape are available in the Re range of interest. There-
fore, the drag for this latter design is assumed to be the same as for a cube in
tumbling modes; stable modes were not analyzed.
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In conclusion, it is found that the heaters will impact a Reynolds numbers
where the flow adheres to a rounded body. This increases the base pressure,
thereby sharply reducing the drag. Higher drag is achieved by using sharp-
cornered shapes. Ablation could severelyround off the front corners if
oriented in a stable mode, but sharp corners aft will ensure separation of
flow. Tumbling modes are not expected to reduce the sharp edges to the

extent where no advantage is gained. Experimental data are needed for
cubes and flat-ended cylinders with rounded corners.
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Appendix C
REENTRY MODEL

The computer program is written in FORTRAN and integrates the dif-
ferential equations of motion of a point-mass moving through the earth's
atmosphere. The point-mass is subjected to the forces of atmospheric drag
and gravity while moving relative to a rotating oblate earth in an air atmos-
phere with properties that are a function of altitude alone. The integration
technique used is an Adams-Moulton predictor-corrector method.

Initial values of weight-to-area position, flight angle, velocity, and
heading are input to the code referenced to a specified initial altitude. The
drag coefficient may be a specified tabular function of time, altitude, mach
number, Reynolds number, logjp of the Knudsen number, or logjg of the
modified (including the compressibility) Knudsen number. In addition, drag
may be calculated according to the equation.

Cp=C +C, 52 (C-1)
for a flat-face body, and
logloKn - C3
C.=C.+ |1+ erf ( ) (C-2)
D I Cy

for a sphere or a cylinder in crossflow.

Aerodynamic heating along the trajectory is calculated using the equations
and methods presented in reference 84, These are the Fay and Riddell
(ref. 85) equations modified and correlated for satellite reentry by Detra
and Hidalgo (ref. 86). Although these equations are not strictly valid for
reentry velocities in excess of 26 000 ft/sec, they give approximate heating
values for lunar return velocities (about 36 000 ft/sec) and were so used in
the present study.

In addition to the equation form, note that only convective heating was
considered, assuming equilibrium chemistry for dissociation and recombina-
tion of molecules in the boundary layer. Radiative heating is small at lunar
return velocities for small bodies of the type considered here (ref. 87).
However, the bodies do pass through flow regimes where nonequilbrium flow
effects can cause significant heating reductions. This occurs when the
characteristic time for chemical recombination of dissociated air atoms is
much shorter than the time required for the atoms to diffuse across the
boundary layer. If the surface is noncatalytic to recombination, the heat of
dissociation is lost. Graphite can be expected to have a surface catalycity
on the order of oxides. These materials are shown in reference 88 to
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experience heating reductions of up to 30% in a wind tunnel under certain
conditions. Extrapolations to reentry conditions indicate that overall heating
will be reduced on the order of 10% or 15% (ref. 88).

Graphite oxidation is computed throughout the trajectory. The equation
used was the one developed in reference 89 assuming an oxygen-diffusion
controlled process and using the Reynolds analogy for boundary layer mass
flow (mass flow proportional to heat flow). This equation is

dm N 0.2 g
dt HS-H

cw

540

(1b of O, /£t%) (C-3)

where dm/dt is the mass flux of oxygen, Aoy 18 the cold-wall heat rate, and
Hg and Hg40 are the air enthalpies at the stagnation temperature and at
540°R respectively. This equation agrees well with the relationship given by
Bartlett (ref. 90).

This flux is integrated along the trajectory. The total depth of graphite
is then determined by multiplying by the heat of combustion (2970 Btu/lb of
O3) and dividing by the graphite density.

Transpiration cooling was not taken into account because, for graphite,
these effects are small (ref. 90), However, at higher velocities combined
with low pressure where combustion may occur in the boundary layer, heat
reduction due to mass addition may be an important effect and should be
included.
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Appendix D
THERMAL ANALYSIS MODELS

Thermal Analyzer Program (TAP-3)

The TAP-3 code (ref. 91) used at DWDL to simulate POCO-pyrolytic
graphite ablators facilitates the solution of multidimensional transient and
steady-state problems in heat transfer. It can also be used for any problem
in which the physical system can be represented by an equivalent electrical
network. At present, the maximum size of the network which can be accommo-
dated is 500 capacitors and 999 conductors.

A variety of auxiliary functions are included. For example, thermal
radiation paths between elements of the network are computed automatically
if the surface areas and effective view factors are given. Thermal properties,
internal heat generation rates, and boundary temperatures may be specified
as fixed values, tabular functions, or algebraic functions of any other para-
meter in the system. This makes possible the solution of problems involving
ablation, phase changes, etc. However, there is no provision for a continuous
surface recession rate; nodes must be lumped together one or more at a time.
In addition, there is no direct provision for the effects of mass transfer cooling.

The code is not linked to any specific geometry or set of geometries and
is, therefore, quite flexible. Calculations of areas and volumes associated
with the nodal network may be done through the algebraic function specifi-
cation mentioned above.

The time step used by the code must be sufficiently small to avoid diver-
gence in the calculation process. The formula for finding the maximum stable
time step, Aty is

e
At , = S (D-1)

where C is the capacitance of a given node and Y; are the admittances of the
heat-flow paths by which the given node is connected to other nodes in the
network. This formula is applied before each iteration to each node having
a nonzero capacity, and the least value found is used as the At for that iter-
ation. It is important for the user to make preliminary estimates of the
values of Aty while selecting the nodal network in order to avoid the con-
struction of a network involving very small values of Atg, and, therefore,
requiring lengthy machine running times.
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Charring Ablator Code, STAB 2

The STAB 2 code was developed by D. M. Curry of NASA/MSC and is
documented in reference 92. The code is presently operational at DWDL and
was used to generate some of the data in the report.

A description of the analytical model used, and a complete listing of the
program together with instructions for coding, are presented in reference
92. Basically, the code simulates the transient one-dimensional thermal
performance of a charring-ablator heat-protection system exposed to a hyper-
thermal environment. The system is considered to consist of (1) an ablation
material, and (2) a backup structure of up to 12 materials. The ablating
material is further considered to consist of three distinct regions: char,
reacting, and virgin material. Thermal properties of all materials are
temperature-dependent, with the properties of the charring material also
being state-dependent. A maximum of 50 nodes in the ablator and 10 nodes
in each backup material is possible.

The code offers a number of desirable features: (1) the equations solved
are stable, even for relatively large time increments, because of the ""back-
ward time step'' difference formulation employed; (2) machine running time is
relatively short, and multiple cases may be run; (3) the input required is not
complex; (4) a wide variety of boundary conditions may be specified; (5) the
code includes options for radiative as well as convective heating, mass trans-
fer cooling through injection into the boundary layer (including the capability
of specifying the molecular weight of the injectant), and surface recession
rates as a function of surface temperatures; and (6) the equations are devised
in terms of a moving boundary coordinate system so that surface recession
may be handled in a continuous manner without the need of throwing away
nodes.

The code is limited in that a one-dimensional geometrical model must be
used. Also, there is presently no provision in the code for simulation of
convective cooling during the latter phase of the reentry trajectory.

Heater Model Used for Side-On Spinning Orientation

The cross-axial spinning orientation is such that heating rates may be
assumed to be independent of the angle, 6, conventionally used in cylindrical
coordinates. Since the thermal properties are independent of 6, so are the
temperatures. If the assumption is made that end effects may be neglected,
then the temperatures are functions of only the radial distance, r, from the
capsule center line, and a rather simplified thermal model is possible. The
complete nodal network employed to simulate the side-on spinning flight
orientation appears in figure D-1. The material and thickness of each layer
of the capsule are given. A unit depth out of the plane of the paper was used
in the calculation of element volumes and capsule surface area.

By means of TAP-3, thermal behavior of this model during various

reentry trajectories was simulated; aerodynamic heating, oxidation heating,
internal heat generation, and both radiative and convective cooling were
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Figure D-1. Nodal Network to Simulate Side-On Spinning Orientation

included in the analysis. The temperature dependence of all thermal proper-
ties was included. No provision was made in the analysis for the effects of
recession of the POCO graphite surface or for heat blockage due to mass
injection into the boundary layer.

Heater Model Used for Side-On Nonspinning Orientation

The side-on nonspinning orientation requires somewhat more involved
analysis than does the side-on spinning case in that the heating rates, and
therefore the temperatures, are functions of the angle, 6, conventionally
used in cylindrical coordinates. The approach used was to neglect axial
dependence of heating rates, temperatures, and properties. Next, a circular
section of unit was ''lifted" from the capsule. Due to symmetry considerations,
it was necessary to analyze only one-half of the resulting unit-depth circular
disk. The complete nodal network used to simulate the 50-W promethium
capsule with POCO-pyrolytic graphite ablator appears in figure D-2; the
composition and thickness of each layer are given.

Thermal behavior of this model during various reentry trajectories was
analyzed using TAP-3. The effects of convective cooling at lower altitudes
were included in the analysis as was the direction-dependent thermal con-
ductivity of pyrolytic graphite; however, no allowance was made for heat
blockage effects arising from mass injection nor was provision made for
recession of the POCO graphite surface.

Heater Model Used for End-On Orientation

The end-on flight orientation which was analyzed using the TAP-3 heat
transfer code involves rather complex geometry. The outer surface of the
reference heater is in the shape of a flat-ended right circular cylinder, while
all layers except the POCO graphite are in the shape of cylinders with heads
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which are roughly semiellipsoidal. The complex shape of the reference
heater ends as designed is such as to require extensive analysis. The some-
what simpler model used as a first approximation consists of a multilayered
right circular cylinder with multilayered hemispherical heads. The complete
node-structure model used to simulate the 50-W promethium baseline heater
appears in figure D-3.

It is evident that heating rates, properties,v and temperatures are
independent of the angle, 6, normally used in cylindrical coordinates. Thus,
there is no heat transfer in the 6 direction. This allows consideration of

only a cross-section lying in the r-z plane (of conventional cylindrical coordi-
nates) at any angle 9.

Surface-node heating rates used were those corresponding to a flat-ended
cylinder. With this correction, the hemispherical end approximation of the
capsule design may be expected to yield fairly reliable results, especially
in the important region behind the stagnation area of the heater where details
of the curvature are less important. However, further analysis using a more
accurate model is needed.

Heater Model Used for Charring Ablator Analysis

The STAB-2 code was applied to the thermal analysis of a 50-W
promethium-cermet-fueled heater with 0.5 in. -thick Narmco 4028 carbon-
fiber-reinforced phenolic ablator material. Most of the ablator thermal
properties were obtained from reference 93. The side-on nonspinning
flight orientation for the earth orbital decay reentry trajectory was investigated.

A one-dimensional infinite-slab model is employed by STAB-2; yet the
heater has a cylindrical geometry. In order to correct the model for this
geometric difference, thermal admittances and capacitances were appro-
priately adjusted by dummying the values of thermal conductivity and heat
capacity, respectively, as functions of the radial distance. The heater was
assumed to consist of an infinite cylinder (i. e. end effects were neglected)
composed of concentric layers of fuel, T111-Pt, and ablator.

Injection efficiency was determined by the method in reference 94.
Recession rates were calculated by use of the equations in reference 95 in
connection with experimental data in reference 96.
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Appendix E
IMPACT STUDIES

"Table E-1 sumarizes test conditions and éesults for gne segment of
a DWDL independent research and development impact testing program.
Figures E-1 through E-8 illustrate the simulated heater impact specimens.

Ten simulated 10-W and four simulated 50-W heater specimens were
impacted against granite, using the modified light gas gun at the Douglas
Aeroballistic Range, El Segundo, California. The specimens consisted of a
bronze fuel simulant and tantalum wire springs simulating foam within a
T-111 structural shell (0. 060 in. thick, 10-W; 120 in. thick, 50-W) sur-
rounded by reinforced, pyrolytic, or phenolic graphite. The specimens were
heated to 1500°F in an argon atmosphere and shot end-on, using air pres-
sure, against a granite block. Dual laser beam velocity instrumentation
indicated breakup of the graphite before impact. Subsequent calculations
show that this could be caused by a combination of thermal stress due to
rapid cooling and stress due to differential inertial force (of the light graphite
and heavy metal) resulting from air pressure.
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Figure E-4. 4-50 Watt and 10-10 Watt Simulated Heater Impact Specimens before Impact
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69-789

Figure E-7. Longitudinal Section of Model | after Successfully Withstanding 420 ft/sec Impact against Granite

69-790

Figure E-8. Longitudinal Section of Model 8 after 505 ft/sec Impact against Granite (This Model Sustained
Interfranular Cracks at the Corners of the Impacted End)
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Appendix F
NEUTRON AND PHOTON SPECTRA

Neutron and photon spectra at 1 meter from reference 10- and 50-W Pm
and Pu heaters are presented in Tables F-1 to F-4. These data may be used
for system integration analysis such as evaluating radiation detector response
and/or the effect of local shielding. These data yield the 1-meter dose ratio
specified in the Safety and Design Analysis Section and may be normalized to
dose rate and used to evaluate spectral distribution at any point in space. This
assumes no spectral shape change with distance, an assumption consistent
with accuracy requirements of most system integration analyses. Gamma
spectra are based on ISOSHLD output (ref. 46). Neutron spectra are based
on spectral data given in the "Plutonium Data Sheets' (ref. 45).

TABLE F-1
PHOTON FLUX 1| METER FROM Pm %! HEATER
o 10w e _sow
Photon 60 mils T-111 120 mils T-111
energy (kev) Photon/cm? + sec Photon/cm? - sec Remarks
40 - 50 2.17 x 10-2 5.08 x 10-4
50 - 70 1. 00 x 102 6.71 x 10-2
70 - 100 8. 40 % 101 2.97 x 10-2 1465 1 and
100 - 200 5.31 x 102 2.77 x 101 1470 0
200 - 300 8.40 x 10~2 7.10 x 1072 bremsstrahlung
300 - 400 6.51 x 10-2 9.37 x 10-2
400 - 550 1.00 x 10-2 1.00 x 10-2
550 - 750 1.93 x 10-3 5.61 x 10-3 147
121 7.30 x 102 3.79 x 10l 1¢Pm gamma
450 5.36 x 102" 1.25 x 103 Pm gamma
750 7.89 x 102 2.56 x 10° 1465 gamma
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TABLE F-2

NEUTRON FLUX 1 METER FROM Pu?38

HEATER

238py 50 W
120 mils - T-111

238Pu -10W

Neutron 60 mils - T-111

energy (meV) Neutrons/ cm?- sec Neutrons/cm?2: sec Remarks

0.4 - 0.7 0. 505 2.525 Includes

0.7 -1.2 0. 349 1.745 spontaneous

1.2 -1.8 0. 349 1.745 fission and

1.8 -2.35 0. 626 3.130 @,m) sources;

2.35 - 2,65 0. 747 3.735 emission

2.65 - 2.9 0. 651 3,255 rate =3X210

2.9 -3.25 0. 524 2. 620 n/sec- g “>8Pu

3.25 - 3.85 0. 302 1.510

3.85 - 4,6 0.117 0. 585

4.6 - 5.6 0. 033 0.165

5.6 - 6.8 0.016 0. 080

6.8 - 8.7 0. 008 0. 040

8.7 -11.0 0. 003 0.015

TABLE F-3
PHOTON FLUX 1 METER FROM 238Pu (NO AGING)
HEATER
238py _ 10w 238py 50w
Photon 60 Mils - T-111 120 Mils - "ZF—lll
energy(meV)Photons/ cm*® - sec Photons/ cm®- sec Remarks

0. 090 - 0.75 2.65 3. 46 Contr%b%tions
from <3Py (and

P.)
539 240
2375“’236]?1;)“
241p,,

0.75 -0.9 41, 09 140. 59 Predominantly
0778 meV from
238Pu

0.9 -1.6 0. 64 2.49 Predominantly
fission products

1.6 -2.6 0.37 1.52 Predominantly
fission products

2.6 -8.0 0. 26 1. 09 Predominantly

Pertinent isotopes

23 6Pu, 23 7U 238

, including {fission products),
239y, 240p) 24§;u( g products)

fission products
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TABLE F-4
238

PHOTON FLUX 1 METER FROM Pu (AGED 6
YEARS) HEATER
23 238
8Pu.IOW Pu - 50W
Photon 60mils - T-111 120 mils - T-111
energy(meV) Photons/cm& + sec Photons/ cm® -+ sec Remarks
0.09 - 0.75 26.19 53.6 Contributions from
all isotopes
0.75 - 0.9 43,5 139, 3 Eo tributions from
Pu, 212Bj, 2081
0.9 - 1.61 0. 64 2.49 Fission products
1.62 1. 01 3.98 2lep;
1.63 - 2.6 0. 37 1.51 Fission products
2. 61 20. 6 84.7 2081,
2.62 - 8.0 0. 26 1.09 Fission products
Pertinent isotopes
o, S, 2, 20, S, 220, By, s,
240[]; » 2411;{1 24§’u, (including fission products), u,
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Appendix G
STATISTICAL PROCEDURE

Consider a particular failure mode for a given radioisotope capsule design,
Ablator failure during reentry, melting, or stress rupture of structural com-
ponents are typical examples., The calculated point of failure, Qp, is a func-
Eion of n input parameters or assumptions, a1y @y eeeey @p. In equation

orm,

QF: f(al, 3.2,...,., a-n) (G-l)

For each parameter, a;, a standard deviation, oj, may be defined with
the following characteristics: Assuming a normal frequency (probability
density) distribution about a mean or most probable value, a;, 68.27% of all
measurements or calculations of a; lie within the range, a; # o;, Similarly,
95.45% of all measurements or calculations of a; lie within the range, 8; 220,
and so on (ref. 97, pp. 71-72). The standard deviation is always expressed
in the same units of measurements as those of the variable, a;.

If we can arrive at a standard or best set of parameter values, a,, a5,

.» a,, then the mean or most probable value of Qg is
QFZ f(il, 5.2, oo s an) (G-2)

A deviation in each parameter from the standard value will then cause a
corresponding deviation in Qp from the mean. If a standard deviation, o},
can be assigned to each parameter, a;, then the range of deviation in Qg,
(AQp);, due to the variation of a; within the range, aj % o;, can be determined
by varying each parameter singly. Often, this may be done simply by sub-
stituting the maximum and minimum values of the parameter, aj,

(AQF)i:f(al,az,oc, éi'l' O_i’."" a

“£(R1, By eevey By - Tiae.., Bp) (G-3)

Proceeding in this manner for each parameter, the overall standard devia-

tion for Qp, namely, op, can be calculated by the law of propagation of errors
(ref, 98),

o = 1/2 \/(AQF)? + (AQF)E + ..., F (A.QF)IZ1 (G-4)
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Assuming normal frequency distributions for each parameter, it follows
that the distribution of Qp will be normal with the mean value, QF, and
standard deviation, op.

The strict mathematical derivation is somewhat more restrictive,
Assuming that f(a, »++.+s 2p) can be expanded in a Taylor's series, and
neglecting products oizerrors in comparison with the errors themselves,

_ of 9f of
dQF - CEN daj + %, daZ Foent 9a da (G-5)

which is also the expression for the total derivative. For small increments
about the mean reference case, AQp = QF - Qp and a; = a; - a3, equation
(G-5) may be written

AQ | = —— Aa1+ 3 o Tenen 5 n (G-6)

Defining A; = 0daj, A; is called the influence coefficient of the parameter,

aj. If Aj can be considered constant in the interval, ¢, = Aa;, the general
law for propagation of errors yields

2 2 2 2 2 2
op =
F—\/Al 0'1 + AZ 0‘2 +oeo.. An O'n, (G=17)
which corresponds to equation (G-4) if f is linear with the a; axis in the
interval, Aai, fori=1, 2,...., n.

Although not treated in the textbooks, there is no reason a priori why
equation (G-4) cannot be applied to cases where f is not linear as specified.
The basic principles are the same. Statistical analyses have been conducted
in which f was not linear with every parameter axis (ref. 99). The pro-
cedure was to find the functional relationship of f by appropriate variance
of the input parameter, a., and so determine the maximum deviation in f

- 12
within the range, &; - 0j to &; + 0;. This yielded values of (AQp); to use in
equation (G-4),

The influence coefficients, A;, are important since they identify which
parameters have the strongest effect on Q. On the other hand, if an influ-
ential parameter is also known accurately, its standard deviation is small
and the corresponding deviation or uncertainty in Q may be small. Thus,
(AQp); is the significant quantity denoting each parameter's total influence on
. Reductlon in standard deviation for those parameters ranked highest in
values of (AQF)- effects the most efficient reduction in the uncertainty level
for Qp.

Thus far, the discussion has focused on the point of failure. The major
objective of evaluation of the safety of a capsule design in specific hazardous
environments also involves analytical modeling of the capsule behavior and,
possibly, the environment., In general, the model yields a worst (from the
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standpoint of failure) analytical value, Qp. This quantity, in turn, is a
function of m input parameters or assumptions. The difference between the
two quantities, Qp and Qp, may be defined as the margin or excess,

QL= QF - Q (G-8)

K A

In order that failure not occur, Qf must be greater than zero, Further,
the probability that failure will not occur is equal to the probability that Qg
is greater than zero (written P(Qg > 0) ).

Since there exist uncertainties in the values of the parameters involved
in the calculation of Qp, as well as in Qp, it follows that corresponding

uncertainties exist in Q. These uncertainties, along with CE: are involved
in the calculation of P(Qr > 0). See Figure G-1,

69-283

P (Qg >0)

FREQUENCY J

Figure G-1. Normal Frequency Distribution for Qg

The equation expressing the frequency as a function of Qg is, for a nor-
mal distribution (ref. 100),

R W = |2
v = X  exp -(Or - Or) G-
o V2T [ 2 op2 J (G-9)
Thus
P - - / — L exp |-(0p -DE)*|ld 0
(nonfailure) = WE\/Z}_ p 5 E 5 E E (G-10)
Q=0 7

185



To facilitate the evaluation of this integral, it is useful to make the
abscissa transformation
Q. -Q
E E
£z —™— (G-11)
E

From this definition, it follows that

1
df = 75 xdQp or dQp = op db (G-12)
Also,
t= - 2B for Qpn = 0 (G-13)

E

Equation (G-10) may then be written

1 @ 2
P (nonfailure) = 'U_E""‘\/'Z'——T—T——" f exp (- —g—) o d§ (G-14)
t= - 7B
E

By reason of symmetry, the integration limits may be reversed and the
signs changed without invalidating the equality. Thus,

£ OE
P (nonfailure) = ! / °E
VAL

-

2
exp (-£_)a (G-15)
2

The expression on the right hand side of equation (G-15) has the form of
the cumulative normal distribution integral which may be evaluated using
standard probability tables (probability vs Qg /¢E). Such tables may be
found in reference 101, p. 229. For a greater number of decimal places and
for more extended tabular values, the Tables of Normal Probability Functions
(ref. 102) may be used, In this reference, the tables are appropriate for

X

1 2
xp (-_E% ) 4a
- fx exp (- £L) at

instead of for the integral above. However, the desired values may be
obtained from these tables by noting that
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1 - / = 2 f (G-16)

x
=-1/2 / +1/2 (G-17)
Lx

The statistical procedure just outlined yields a quantitative probability
of nonfailure for each failure mode of a given radioisotope capsule design.
Assuming that each failure mode is independent of the others, the overall
probability of nonfailure is simply the product of all nonfailure probabilities,

or

X

!
8

Ptot: P1P2P3"""Pk’ (G-18)

where

Piot is the probability of overall nonfailure,
Pi is the nonfailure probability for failure mode i (1 = 1 < k)
k is the total number of failure modes.

Equation (G-18) follows from the probability multiplication rule for
sequential (independent) events. However, many radioisotope failure modes
are not mutually independent, Consider that the probability of nonfailure on
earth impact is affected by ablator failure or nonfailure. Also, parameters
which affect one failure mode often affect another, If these cross-influence
effects can be incorporated in calculation of the individual failure mode
probabilities, then equation (G-18) can be used as before to compute the
overall probability of nonfailure. Quite often, the product of probabilities
of dependent events is greater than for independent events, Assumption of
independent failure modes is therefore usually conservative and acceptable
for a first cut, if appropriately qualified,

When quoting probabilities of nonfailure, it is important to note that a
probability of 99, 9%, for example, does not mean that one capsule out of one
thousand will fail, Rather, it is a measure of the reliability or confidence
limit on the results. The procedure is sufficient to distinguish between
probabilities as high as six or seven 9's (ref. 99). An ideally safe design
has a reliability on the order of 99,999% or better. For comparison, the
average component reliability of the recent Apollo 8 mission was about

99.9999%.

In many applications, it is often desirable to use the probabilistic treat-
ment to optimize a mission or system condition or parameter, or to find the
value of minimum or maximum safety. For example, by taking selected
mission reentry angles, the overall probability of nonfailure can be deter-
mined as a function of reentry angle, From this, conditions of minimum
and maximum safety are pinpointed. This could lead to provisions for avoid-
ing minimum safety conditions,
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Appendix H
SMALL PARTICLE FALLOUT

Two kinds of fallout are usually considered in safety assessments: local
and worldwide. More accurately, large particles and small particles are
considered separately because the fallout processes are quite different in the
two cases. Large particles are brought to earth primarily by gravitational
forces (ref. 103). Small particle fallout is dominated by dynamic atmospheric
processes (ref. 104, 105). In many instances, attention is restricted to
the smaller particles because the nuclides of interest are relatively innocuous
unless taken into the body. Particles large enough to fall out quickly due to
gravitational forces are above the respirable range.

Radiation doses which may result from small particle fallout are deter-
mined by the magnitude and duration of ground-level airborne concentrations,
the quantity of activity deposited on the earth's surface, and the deposition
rate (ref, 106).

Fallout predictions have been based on a simple three-region stirred
reservoir model of the atmosphere (ref. 107). A '"mean residence time' for
each region (mesophere, stratosphere, and troposphere) is chosen on the
basis of available data, and reasonable values are calculated for ground level
activity concentrations in air, deposition rates, and total activity deposited.

Current fallout predictions such as those made by the U. S. Weather
Bureau for the SNAP 9A incident and by the Federal Radiation Council for past
weapons tests (ref. 108) are much more accurate than the simple stirred
reservoir model would permit. A vast quantity of fallout data has been
accumulated and compiled to facilitate predictions (ref. 109 ). It has been
possible to establish the importance of many factors and to express this
importance quantitatively in many instances.

In the Machta model (ref. 110 ), the atmosphere is viewed as consisting
of the several regions. Materials move very rapidly from the "lower polar
stratosphere'' to the troposphere where it can affect people. A release to this
region results in maximum concentrations and minimum decay time. Releases
to the "upper polar stratosphere' reach the troposphere a little more slowly
and produce slightly lower concentrations.

Relative deposition rates are presented in figure H-1. This shows the
concentrations reaching peaks in the spring and illustrates the importance
of seasonal variation. The importance of the release location is also evident.

The area under each of the curves in figure H-1 represents 1 year. Tak-

ing the mean residence time of particulate matter in the troposphere as 1
month gives the peak deposition rate as 0. 133/month (from a lower polar
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stratosphere release). It follows that the peak troposphere inventory is 0. 133
of the total release. The mass of the atmosphere (essentially all in the tropo-
sphere) is

2

10 332 (kg/m?) x 5. 101 x 10% (m?) = 5.28 x 101° (kg) (H-1)

Taking the air density as 1.3 (kg/m3) gives an effective volume of
18 3
(m

Thus, the release of 1 Ci to the lower polar stratosphere would result in a
peak concentration, averaged over the entire earth, of

18

5.28 x 101 (kg)/1.3 (kg/m>) = 4. 06 x 10 ) (H-2)

0.133 (Gi)/4. 06 x 10'% (m>) = 3.3 x 10720 (Ci/m?) (H-3)

Radioactive material would not be uniformly distributed; it would be
confined largely to one hemisphere. Further, most of the activity would be
in the band between 30° and 90°. The actual peak concentration would be
higher than the world average concentration by a factor of 3.

The release of 1 Ci to thg lower polar stratosphere would result in a peak
concentration of 10-19 (Ci/m”). Similarly, a 1-Ci release to the mesosphere
produces a peak tropospheric concentration of 5.5 x 10721 (Ci/m3). This
peak occurs in both hemispheres. The variation with time is illustrated in
figure H-2 for the lower polar stratosphere.
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Appendix 1
GROUND RELEASE ANALYSIS

There is uncertainty associated with the volitization of solids in the
atmosphere, but an empirical modification of the classic Langmlur e%uatmn
can give reasonable estimates. The evaporation rate (gm cm™ sec is

R =44.5P/M/T (I-1)
where P is the vapor pressure in atmospheres, M the molecular weight, and
T the temperature in °F. For Pu at 1275°F,

44.5 x 10710 238/1275

2 x 10-15 (gm p— sec—l) (I1-2)

R

1l

]

Vapor pressure data is given in figure I-1.

If the fuel is in the form of 100- p-radius particles, at % 5 W/cc the fuel
- volume must be 14.3 cc and the surface area about 4300 cm Thus, the
release rate would be about 8.6 x 10-12 (gm/sec) which is 1.45 x 10-1
(Ci/sec) or 5.25 x 10-7 (Ci/hr).

Formal techniques for estimating atmospheric dispersion and inhalation
doses are available. The Pasquill dispersion model (refs. 111, I12, I13) for
a point release gives the concentration in the plume for the continuous release
of Q (Ci/sec) as 5 5

0 Y Z
X = m exp > - > (1-3)
y Z 2 Ty 2o,

where o, and ¢ _ are standard deviations in the crosswind and vertical
directions, respeétively, u is windspeed (m/sec), and Y and Z are crosswind
and vertical distances from the plume centerline (m). Actually, since the
concentration has been doubled for ground reflection, only one value of Z is
permissible: the effective release height. Standard deviations vary with
downwind distance and are described by the empirical relationships (refs.111
through 113).

The quantity inhaled per unit time 1s the concentration multiplied by the
breathing rate which is about 3.5 x 104 m3/sec for the standard man (ref.114).

q=3.5Xtx 1074, .. (Ci) (I-4)
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Figure I-1. Isotope Fuel Vapor Pressures

The dose is directly proportional to the quantity inhaled; 238Pu gives 2 x 108

(rem/Ci) and 147Pm gives 7 x 104 (rem/Ci).

Maximum doses occur from a ground level point release. Dose is directly
proportional to the quantity released and inversely groportional to the wind-
speed. For total release (Qt) of 1.43 x 10~5 Ci of 38py, the dose is D = X/Q.
The dose is the same for total release of 0.041 Ci of 147Pm. Doses received
at locations directly downwind from ground level point releases of these
magnitudes is given in figure I-2 for 1 m/sec windspeeds.

Figure 39 assumes no vertical rise of the released radioisotope with the
fireball. This most likely will occur and will reduce the maximum possible
dose and hazardous distance. For elevated release, Type A weather condi-
tions allow the most isotope to reach ground levels; consequently, this yields
the highest possible dose. A ''virtual point source distance'' is used to
account for the initial cloud volume. In this case, the virtual source distance
is 700 meters. The maximum dose which occurs is 180 rem, 300 meters
downwind. The dose is less than the reactor siting dose guide of 75 rem at
distances of 800 meters or more downwind. as illustrated in figure I-3.

Therefore, doses from a 100% release (especially of 238Pu) to a launch

abort fireball are high enough to justify control measures, but they are not
of catastrophic proportions.
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Appendix J

CALCULATION OF MAXIMUM PERMISSIBLE CONCENTRATIONS
AND ISOTOPE DISPERSION IN SEAWATER

The International Commission on Radiological Protection (ICRP) has
calculated MPC* and MPBB?*%* values considering various organs as critical
(refs. 115 and 116). The ICRP work is the basis for the National Academy
of Sciences MPCg4 recommendations (refs. 117 and 118). The MPC problem
has been considered in some detail by various investigators (refs. 119 through
125 ). The purpose here is to briefly summarize the basis and give the values
for radioisotopes 147Pm and 23%pu.

The ICRP has calculated MPC,;, values based on irradiation of the GI
tract. Assuming that all protein in the diet of those exposed consists of sea-
food which has fully concentrated the radionuclide, the maximum permissible

concentration for seawater is
volume of
water
consumed

MPC = MPC

s w volume of concentration
protein factor
consumed
v
or MPC = MPC w (J-1)
s W VPF

The standard man consumes approximately 10 times more water than protein;
therefore,

VW
—_ = 10
VP
MPC = -2 MPC_ ....GI tract limited (7-2)
s F W
* Maximum permissible concentration; subscripts a, w,and s denote air,

drinking water, and sea water, respectively.

w3k Maximum permissible body burden.
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For the radioisotopes of interest, the concentration factor, F, is 20 for
Sr-90; 50 for Cs-~13T7; 103 for Ce-144, Pm-147, Pu-238 and Cm-244; and 104
for Co-60 and Po-210 (ref. 118). Therefore, the maximum permissible
concentration in seawater is much lower than the drinking water limit.

For nuclides where organs other than the GI tract are limiting, neither
the MPCy, nor the seafood concentration factor is used directly. Rather, the
radionuclide is assumed to be chemically affiliated with a carrier material
so the activity per unit mass of carrier is invariant. If some quantity (I) of
carrier is taken into the body each day, a fraction (f,,) is deposited in the
organ of interest; the quantity of carrier material (1;3 in the organ varies as

dI

T =IfW— )\bIb (J-3)

lon

where Ay is the biological elimination (decay) constant. If each gram of
carrier is associated with R (pCi) of the activity of interest, activity in the
organ (q') varies as

d9 - ff R-ngq' -agq (T-4)
dt w b4 R

The effective decay constant ()‘e) is the sum of biological (\y) and radiological
()\R) decay constants,

ol
'-Q—

|

_ % - 1 -
= IfWR )\eq (J-5)

[oF

t

at equilibrium

dI ,
o = =0 (7-6)
If =M I = I £ - A, a'/R (3-7)
W e
U] (“ l> (7-8)
L gm
(]
1 Xe RCi
R =1 = ., .. (J-9)
Ib )\.b gm

The guantity, R, is the activity (pCi)-per-gram carrier. Therefore, if
g' is the maximum permissible organ burden,

q' = (MPBB) f, (J-10)
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where f, is the fraction of the body burden in the organ, the activity concen-
tration insea water is the MPCg.

MPC T
s 1 )\ 1
R=—g— = 3= =F T (7-11)
e b b b e
The biological and effective half-lives are Tz and T, respectively; thus
Ie TB
MPC = q'—= . . GI tract not limiting (J-12)
s 1 T
b e
Carrier
concentration . .
. . Biological
Ocean Maximum in ocean .
. A half- life
maximum _ permissible
permissible - organ Quantity of Effective
concentration burden carrier in half- life
organ

This calculation also yields MPCg values which are generally much smaller
than the corresponding MPC_ values. The two MPCg formulas yield values
which roughly correspond to the MPC,,, and MPC, values in that continuous
exposure could produce maximum permissible body burdens or maximum
permissible GI tract doses. The MPC  values are more conservative than the
more familiar limits because biological concentration is considered in terms
of the sea water limit. Plants and animals that live in fresh water and/or on
land are capable of concentration of radionuclides, but such phenomena are

not reflected in the MPCa and MPCW values.

Despite the relative conservatism of the derived I\/[PCs values, certain
modifying or adjustment factors are suggested which further reduce these
limits. One such adjustment (s) is merely a correction for the use of in-
appropriate q' or MPC values. The q' and MPC; values given directly by
the ICRP are for occupationally exposed people. For exposure of small
groups of people who are not radiation workers, limits are reduced by a
factor of 10 (s = 1/10). For the irradiation of populations, it was recom-
mended that the limits be reduced by a factor of 30 or 100 (s = 1/30 or s =
1/100). The factor of 100 applies only to the q' and MPC,, values obtained
using the gonads or whole body as the critical organ. More recent ICRP
recommendations (ref. 126 ) do not include this factor for exposure of popu-
lations but call for identification of a most sensitive group, which is appreci-
ably more difficult. Thus, for present purposes, it may be of value to
include the "populations' values based on the older recommendations.

In addition to using the correct base values, some dose apportionment
has been suggested. First, it is suggested that only some fraction (Ny) of the
permissible dose should come from the sea water contamination;Ng values of
1/3 and 1/2 have been used. Second, only a fraction (Ng) of the total ocean
contamination should come from a particular source. The National Research
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Council suggested an N_ value of 1/3 for nuclear ships, and a value of 0.1 has
been suggested for nuclear space power units. A ''correction' factor tending
to increase MPCg values has been proposed to account for the fact that it is
very rare for all the protein in a diet to come from the sea. Protein fraction
factors (1/N_) of 2 and 3 have been suggested, but a value of 1 was used by
the NRC and others. The more conservative "adjustment' factors give

Ny NS/Np: 1/30 (J-13)

Thus, the adjusted MPCS values are

*MPC
S

MPCW/SF . . GI tract limiting (JT-14)

3
and

AMPC
]

]

\ s )
q' I TB/3OIb T_- - - GI tract not limiting. (J-15)

The MPC values calculated in this manner are so different in radiological
significansce from the MPC, and MPC_ values that they probably merit a
different name. MPC, values for Pm and Pu are given in table J-1.

TABLE J-1
ADJUSTED MAXIMUM PERMISSIBLE CONCENTRATIONS
IN SEA WATER (Ci/m3)

Radio-
isotope Critical organ - l\/IPCs - Bone GI tract - MPCS
Continuous Small | Populations | Continuous Small |Populations
occupational group occupational | group
147 -6 -7 -8 -7 0—8 2 10—8
Pm 2 x10 2x 10 7x10 7x 10 7x1 X
- - - - -8 -
238py 2x10°? |2x1070 7x 107! 1077 1078| 3 x 1077
*Unadjusted values are a factor of 30 higher

Returning to the subject of water dispersal, sea water is not quiescent;
radioactivity released in a small volume will soon be dispersed through a
much larger volume. Where there is no current, and dispersion is isotropic,
the concentration at R meters from the release point is

X = Q ex - RZ (J-16)
(21T)372°°3 P 50 2
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One measure of the hazard is obtained by comparing the concentration to a
maximum permissible values calculated in table J-1. Any dose estimate
would be more nearly proportional to the integrated time-concentration

product

@

TID = / Xdt

o]

(J-17)

If a depth constraint (D) is assumed in the vertical, the integrated concentra-

tion from a Q Curie release is

Q

TID = ————
2 J2rDAR

where A is the diffusion velocity. For A = 0.0l m/sec,
mixing depth, this becomes

TID = 0.27 Q/R
For 100% release from a 50-W heater, this gives
TID, = 400/R (Ci-sec/m?>) . . 238py

TID, = 3.4 x 10%/R (Ci-sec/m>). . . 147

Pm
This is illustrated in figure J-1.

5

(J-18)

and a 75-meter

(J-19)

(J7-20)

(7-21)

69-780

10 \
\ MPC; 15 REM TO GI TRACT; ' */pm

Ne—— 1 YR AT CONTINUOUS OCCUPATIONAL

: N\

AN

)4

10 \

W NN

10 }— OCCUPATIONAL MPC_, \

DISTANCE FROM RELEASE (METERS)

/

)

1YR AT CONTINUOUS
30 REM TO BONE;

N

AN

8Pu
107! 1 10 102 10°

10% 10°

INTEGRATED EXPOSURE (Ci-SEC/METE RSS)

Figure J-1. Integrated Exposure from 100% Release to Sea Water of 50 W of Radioisotope
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